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ABSTRACT 

Wilson,  Clement  Card.   Ph.D.,  Purdue  University,  June 
,1964.   A  Dynamic  Tire  Force  Measuring  System.   Major  Professor 
Bayard  E,  Quinn. 

The  study  of  the  dynamic  interaction  between  vehicles 
and  pavements  is  a  relatively  new  field  which  has  received 
increased  attention  in  the  last  few  years.   Particular  inter- 
est has  been  focused  upon  the  development  of  instrumentation 
to  measure  the  dynamic  forces  which  occur  between  the  tires 
of  a  vehicle  and  the  pavement  on  which  the  vehicle  is  travel- 
ing. 

One  of  the  methods  which  has  been  used  to  give  an  In- 
dication of  dynamic  force  is  the  measurement  of  the  tire  in- 
flation pressure.   An  important  basic  problem  associated  with 
using  tire  pressure  as  a  measure  of  dynamic  force  is  that  of 
designing  the  pressure  measuring  system  in  such  a  manner  that 
the  dynamic  effects  of  the  measuring  system  do  not  obscure 
the  signal  caused  by  the  dynamic  force  input.   Only  if  these 
dynamic  effects  are  minimized  can  the  tire  pressure  serve  as 
an  accurate  indication  of  dynamic  tire  force. 

In  this  investigation,  a  mathematical  model  was  de- 
veloped which  identified  the  physical  parameters  controlling 
the  dynamic  behavior  of  the  system.   Conclusions  as  to  the 
dimensions  and  the  arrangement  of  various  components  of  the 


ix 

pressure  measuring  system  were  obtained  from  the  theory.   On 
the  basis  of  these  conclusions,  a  pressure  measuring  system 
was  designed  and  constructed.   Experiments  conducted  with  the 
system  verified  the  theoretical  considerations. 

Another  basic  problem  associated  with  pressure  measuring 
systems  of  this  type  is  the  elimination  of  gradual  pressure 
changes  which  are  not  a  function  of  the  dynamic  force.   A  com- 
parison of  two  basically  different  methods  of  doing  this  was 
made.   A  continuous  pressure  equalization  method  was  recommend- 
ed and  was  therefore  used  in  the  pressure  measuring  system  that 
was  constructed. 

In  order  to  calibrate  a  pressure  measuring  system  for 
the  measurement  of  dynamic  tire  force,  dynamic  calibration 
methods  are  essential.   Several  methods  of  dynamic  calibration 
are  discussed. 

As  a  measure  of  the  adequacy  of  the  calibration  pro- 
cedures, the  result  of  applying  a  single  calibration  factor 
F/P  (lb/psi)  to  pressure  measurements  is  compared  with  the 
frequency  dependent  calibration  relationship  F/P(f).   The 
differences  between  the  two  methods  were  small  enough  to 
indicate  that  the  use  of  a  single  calibration  factor  gives 
satisfactory  results. 

The  pressure  measuring  system  was  used  to  measure 
dynamic  forces  in  the  pavement  evaluation  study  of  the  Nation- 
al Cooperative  Highway  Research  Program  (NCHRP  1-2).   Various 
methods  of  presenting  dynamic  tire  force  data  from  pavement 
tests  are  presented. 


The  results  of  this  study  indicate  that  useful  measure- 
ments of  dynamic  tire  forces  by  the  use  of  a  tire  pressure 
measuring  system  can  be  made  if  the  pressure  measuring  system 
is  properly  designed  and  calibrated. 


CHAPTER  I 

SURVEY  OF  DEVELOPMENTS  IN"  MEASURING 
DYNAMIC  TIRE  FORCE 

The  study  of  the  dynamic  interaction  between  vehicles 
and  pavements  is  a  relatively  new  field  which  has  received 
Increased  attention  in  the  last  few  years.   Particular 
interest  has  been  focused  upon  the  development  of  instru- 
mentation to  measure  the  dynamic  forces  which  occur  between 
the  tires  of  a  vehicle  and  the  pavement  on  which  the  vehi- 
cle is  traveling.   Before  considering  several  methods  of 
measuring  dynamic  force,  the  term  "dynamic  force"  shall  be 
defined. 

When  a  vehicle  is  sitting  motionless  on  a  level 
pavement,  the  forces  which  interact  between  the  vehicle 
and  the  pavement  are  due  only  to  the  weight  of  the  vehicle 
and  therefore  are  vertical  forces.   The  component  of  the 
weight  appearing  at  one  tire  is  called  the  static  tire 
force.   When  a  vehicle  begins  to  move,  the  interacting 
forces  are  no  longer  the  static  values  because  now  addi- 
tional forces  are  generated.   Forces  which  are  largely 
horizontal  In  direction  may  be  generated  as  the  vehicle 
moves  by  such  causes  as  acceleration  or  braking  of  the 


vehicle,  steering  action  of  the  driver  and  wind  loads  on  the 
vehicle.   Forces  which  are  largely  vertical  in  direction  are 
generated  by  motions  of  the  vehicle  which  are  induced  by  the 
unevenness  of  the  pavement.   These  vertical  forces  are  called 
dynamic  tire  forces  (or  just  dynamic  forces)  and  are  defined 
with  respect  to  the  static  tire  force.   An  illustration  of 
the  relationship  between  static  and  dynamic  forces  is  shown 
in  Figure  1.   It  should  be  noted  that  the  total  vertical 
force  exerted  on  the  pavement  is  the  sum  of  the  static  and 
dynamic  tire  forces.   In  other  words,  the  dynamic  force  at 
any  instant  is  defined  as  the  change  of  force  from  the  static 
value  caused  by  the  induced  motion  of  the  vehicle. 

Since  the  study  of  dynamic  forces  is  a  relatively  new 
field  of  interest,  there  is  not  a  large  body  of  literature 
about  the  subject.   In  particular,  only  a  few  investigators 
have  reported  on  the  measurement  of  dynamic  forces  because 
the  technology  of  these  measurements  is  just  developing. 

Various  dynamic  force  measuring  methods  have  been 
studied  by  investigators  in  this  country.   In  1957,  Hopkins 
and  Boswell   compared  three  different  methods  which  were 
based  upon  the  following  techniques: 

1.  measurement  of  strain  of  the  axle  housing, 

2.  measurement  of  the  sidewall  deflection  of  the 
tire  and 

3.  measurement  of  tire  pressure. 


1.   Superscripts  refer  to  references  listed  in  the  Bibliography, 
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In  spite  of  calibration  difficulties,  the  measurement 
of  tire  pressure  was  recommended  as  the  most  practical  method, 
To  measure  the  tire  pressure,  they  attached  a  pressure  trans- 
ducer (0  -  50  psig  range)  directly  to  the  valve  core  of  the 
tire  and  thus  the  pressure  transducer  rotated  with  the  wheel. 
The  electrical  signal  from  this  transducer  was  transferred 
to  the  recording  instruments  by  means  of  five  slip  rings  and 
brushes  at  the  wheel.   The  resistance  between  the  brushes  and 
the  slip  rings  was  different  depending  on  whether  the  slip 
rings  were  stationary  or  In  motion.   The  investigators  were 
then  unable  to  calibrate  their  instrument  statically  with  an 
electronic  scale  as  they  had  desired,  but  could  only  compare 
the  forces  determined  from  tire  pressure  measurements  with 
those  determined  from  axle  strain  and  sidewall  tire  deflec- 
tion. 

Three  recommendations  were  made  for  improving  the 
pressure  system: 

1.  Use  better  quality  slip  rings. 

2.  Use  a  differential  tire  pressure  transducer  which 
should  give  a  strong  signal  output  compared  to  any 
slip  ring  noise. 

3.  Use  a  rotating  pressure  slip  Joint  to  eliminate 
the  electrical  slip  rings  between  the  pressure 

transducer  and  the  recording  equipment. 

2 
During  the  same  period  of  time,  investigators  at 

General  Motors  Proving  Ground  were  working  on  a  tire  pressure 


measuring-  system.   This  project  was  initiated  after  a  meeting 
of  the  American  Association  of  State  Highway  Officials  (AASHO) 
Instrumentation  Group  in  November  1955  when  a  suggestion  was 
made  that  it  might  be  feasible  to  measure  dynamic  load  by 
observing  tire  air  pressure  variations.   Their  system  made 
use  of  the  differential  pressure  transducer  and  rotating 
Joint  suggested  by  Hopkins  and  Boswell.   A  static  calibration 
was  made  by  raising  the  truck  off  the  scale  by  means  of  a 
Jack  and  recording  force  and  pressure  as  the  static  weight 
was  lifted  from  the  scale.   Two  methods  of  dynamic  calibra- 
tion were  also  used.   In  one  method,  the  axle  was  raised  by 
the  Jack  and  then  the  wheel  was  dropped  onto  the  electronic 
scale  by  collapsing  the  Jack  mounting.   In  the  second  method, 
a  one  ton  steel  weight  was  dropped  into  the  bed  of  the  truck. 
In  each  case,  both  force  and  tire  pressure  were  recorded. 
The  information  on  these  tests,  which  was  made  available  to 
the  Vehicle  Dynamics  Research  Group  at  Purdue  University, 
also  included  typical  road  records.   Mention  was  made  In  the 
report  of  an  "acoustical  ring"  which  had  been  observed  in  the 
tire  pressure  records.   The  road  records  which  were  sent  to 
Purdue  University  for  study  indicated  that  the  "ring"  was 
present. 

Several  German  engineering  schools  were  also  investi- 
gating different  methods  for  determining  dynamic  wheel  loads 
during  this  period.   In  1959,  0.  Bode  and  others^  reported 
on  a  comparison  of  methods  developed  at  Aachen,  Brunswick, 
Hanover,  Darmstadt,  and  Munich.   Of  the  six  devices  used, 


only  four  of  them  were  basically  different.   The  Brunswick 
and  Munich  groups  both  measured  tire  deflection  and  then 
converted  the  tire  deflections  to  force  by  using  an  experi- 
mentally determined  load  versus  deflection  curve  for  the 
tire.   The  methods  of  measuring  the  tire  deflection,  however, 
were  quite  different.   In  one  method  investigated  at  Bruns- 
wick, variations  in  distance  between  the  axle  and  the  road 
surface  were  measured  by  a  capacitive  device.   Another 
method  involved  the  measurement  of  tire  bulging  with  an 
electric  scanning  device.   The  Munich  Investigators  also 
measured  the  transverse  bulging  of  the  tire  caused  by  the 
vertical  tire  deflection,  but  used  two  mechanical  feelers 
in  such  a  manner  that  the  effect  of  side  forces  was  largely 
eliminated. 

The  Aachen  group  measured  accelerations  of  the  axle 
and  superstructure  and  used  these  accelerations  to  compute 
dynamic  force.   The  device  which  was  developed  at  Hanover 
measured  the  elastic  deformations  of  the  axle  housing.   The 
relationship  between  the  dynamic  wheel  loads  and  these  de- 
formations was  used  to  determine  the  dynamic  forces. 

All  of  the  methods  mentioned  thus  far  give  continuous 
traces  of  dynamic  force.   The  Darmstadt  group,  however, 
developed  a  special  test  wheel  in  which  the  bending  strains 
can  be  measured  at  two  points  in  the  rim  base.   This  device 
only  gives  a  correct  indication  of  the  loading  twice  for 
every  revolution  of  the  wheel.   Therefore,  the  resulting 
sample  of  dynamic  force  can  only  be  used  for  making  statistical 
estimates  of  the  dynamic  forces  which  occurred. 


It  is  interesting  to  note  that,  of  the  five  different 
groups,  none  chose  to  measure  the  dynamic  force  by  using  tire 
pressure  measurements. 

Still  other  groups  '   in  Germany  have  reported  methods 

of  measuring  dynamic  force;  but,  in  general,  the  methods  were 

similar  to  those  mentioned  above  and  therefore  will  not  be 

discussed  in  further  detail. 

c    7 
In  1959,  investigators  '   in  the  United  States  who 

were  conducting  dynamic  load  tests  on  the  AASHO  Road  Test, 
made  use  of  tire  pressure  measurements  as  an  indication  of 
dynamic  force.  These  tire  pressure  measurements  were  made 
on  large  two-and  three-axle  vehicles.   The  dynamic  force 
measurements  were  to  be  used  in  conjunction  with  strain  and 
deflection  measurements  of  the  bridges.   Calibration  diffi- 
culty was  encountered  as  indicated  by  the  following  quota- 
tion: 

"Additional  uncertainties  were  associated  with 
the  scatter  in  the  calibration  curves,  with 
drifting  of  the  pressure  records  due  to  loss 
of  air  pressure  in  the  tire  pressure  equipment, 
and  with  inaccuracies  of  the  time  scales  on  the 
records.   Thus,  quantitative  evaluations  of  the 
tire  and  spring  deflection  records  had  to  be 
considered  as  approximate  only." 

The  calibration  methods  which  were  developed  for  the 

7 
AASKO  Road  Test   are  certainly  of  interest  because  of  the 
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size  of  the  vehicles  which  were  used.   These  two-  and  three- 
axle  vehicles  are  the  largest  to  be  used  in  any  dynamic  test- 
ing program  reported  in  the  literature.   The  pressure  measuring 
equipment  was  calibrated  by  use  of  a  mechanical  oscillator 
mounted  in  the  bed  of  the  truck  which  induced  vertical  motion 
of  the  vehicle,  and  an  electronic  scale  that  measured  the 
force  at  the  tire  surface.   The  oscillator  was  capable  of 
exciting  vertical  motions  of  the  vehicle  in  a  frequency  range 
which  included  the  body  motion  frequencies  of  the  vehicles 
(3  to  1  cps)  but  was  limited  to  a  maximum  frequency  of  8  to 
10  cps.   The  calibration  results  from  these  steady  state 
sinusoidal  tests  were  reported  as  successful. 

Impulsive  tests  were  also  conducted  by  driving  the 
measuring  wheel  off  a  ramp  onto  the  electronic  scale  and 
then  comparing  the  signal  from  the  pressure  measuring 
system  with  that  of  the  electronic  scale.   The  results  of 
these  tests  were  reported  as  very  erratic  and  not  in  agree- 
ment with  the  sinusoidal  tests. 

(Since  dynamic  forces  of  higher  frequencies  than  8  to 
10  cps  are  induced  under  actual  road  testing  conditions,  it 
is  desirable  to  be  able  to  explain  such  discrepancies  and, 
if  possible,  control  them  by  proper  design  of  the  pressure 
measuring  system.   Possible  causes  of  such  behavior  are 
discussed  in  Chapter  IVj 

During  the  same  period  of  time  as  the  AASHO  Tests, 
another  group  interested  in  measuring  dynamic  forces  was 
working  at  the  Michigan  State  Highway  Department  Labora- 
tories at  Lansing,  Michigan.   Although  publication  of  their 


work  is  unknown,  these  investigators  were  very  generous  with 
the  results  of  their  research.   In  19bl»  members  of  the  Ve- 
hicle Dynamics  Research  Group  at  Purdue  University  were  invited 
to  the  Lansing  Laboratories  to  inspect  the  pressure  measuring 
system.   In  their  system,  the  differential  pressure  gage  and 
reference  tank  were  conveniently  mounted  on  a  board  which  could 
be  easily  attached  to  their  vehicle.   This  measuring  system 
was  adapted  to  the  Purdue  University  test  vehicles  and  was 
the  basic  type  of  system  studied  in  this  Investigation.   The 
components  of  this  system  are  the  same  as  those  of  the  pressure 
measuring  system  used  on  the  AASHO  Road  Test'.   Since  this 
basic  configuration  of  pressure  measuring  system  was  the  most 
satisfactory  system  available,  it  was  the  logical  type  to  use 
for  further  investigation. 

In  addition  to  the  recommendation  of  Hopkins  and  Boswell 
there  are  certain  advantages  which  encourage  the  use  of  tire 
inflation  pressure  as  a  means  of  measuring  dynamic  tire  force. 
One  of  the  advantages  of  this  method  is  the  proximity  of  the 
measuring  device  to  the  variable  being  measured.   Since  the 
force  between  the  pavement  and  the  tire  tread  is  to  be  meas- 
ured, the  best  location  for  a  transducer  would  be  in  the  tire 
tread.   No  known  method  has  been  developed  which  is  capable 
of  measuring  the  force  in  the  tread.   Although  a  measurement 
at  the  outer  surface  of  the  tread  is  not  feasible,  a  measure- 
ment just  at  the  back  of  the  tread  is  possible  by  measuring 
the  air  pressure  in  the  tire.   Any  device  which  is  located 
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on  the  axle  (such  as  a  strain  gage)  has  additional  complica- 
tions caused  by  the  inertia  of  the  components  between  the 
axle  and  the  surface  of  the  highway.   In  measuring  the  air 
pressure  in  the  tire,  the  only  inertia  being  neglected  Is 
that  of  the  tire  tread. 

Another  advantage  of  the  tire  pressure  measuring 
system  is  that  it  is  relatively  easy  to  mount  on  a  vehicle. 
The  measuring  tire  and  wheel,  including  rotating  Joint,  can 
be  previously  balanced  and  assembled;  therefore,  the  wheel 
need  only  to  be  mounted  and  the  instrument  board  attached 
to  the  vehicle  to  be  ready  for  testing.   A  more  detailed 
description  of  this  equipment  will  be  given  later. 

A  third  advantage  is  the  extreme  sensitivity  of  the 
pressure  measuring  system.  A  dynamic  force  of  ten  pounds 
may  be  easily  detected. 

In  order  to  use  tire  inflation  pressure  as  a  success- 
ful method  of  determining  dynamic  tire  force,  there  are 
certain  disadvantages  which  must  be  overcome.   For  example, 
it  is  Important  to  recognize  that  the  force  which  is  being 
measured  is  the  composite  force  that  occurs  over  the  area 
of  contact  between  the  tire  tread  and  the  pavement.   The 
surface  of  the  pavement  must  therefore  be  even  enough 
that  the  tire  tread  can  stay  continuously  in  contact  with 
the  pavement  in  order  that  the  indication  cf  this  force  by 
the  pressure  change  be  valid.   In  other  words  the  continuous 
area  of  contact  which  is  maintained  during  the  calibration 
tests,  must  be  maintained  during  road  tests  in  order  for 
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the  calibration  relationship  between  force  and  pressure  to 
be  identical  for  both  tests.   This  limitation  of  the  method 
must  be  kept  in  mind  if  test  data  from  faulted  pavement  are 
to  be  correctly  evaluated. 

Another  problem  which  arises  in  using  a  pressure 
measuring  system  is  that  of  the  heating  and  cooling  of  the 
tire  which  causes  relatively  large  pressure  changes.   Leak- 
age, which  has  the  same  effect  as  a  temperature  change  in 
the  tire,  is  also  a  problem  since  a  seemingly  insignificant 
loss  of  air  in  the  system  can  cause  a  measurable  pressure 
change.   Two  methods  of  equalizing  unwanted  pressure  changes 
are  discussed  in  Chapter  III. 

A  sometimes  unrecognized  problem  in  the  design  of  a 
pressure  measuring  system  is  the  possibility  of  a  resonant 
condition  resulting  from  a  natural  frequency  of  a  component 
of  the  system  being  excited  by  the  dynamic  force.   It  is 
possible  that  mechanical  as  well  as  pneumatic  oscillations 
could  occur  if  any  of  the  natural  frequencies  of  these  dy- 
namic systems  are  within  the  range  of  the  frequencies  of 
the  dynamic  force.   Pressure  oscillations  of  the  pneumatic 
system  are  considered  in  Chapter  II  and  mechanical  vibra- 
tions are  discussed  in  Chapter  III. 

The  most  difficult  problem  In  using  a  pressure  meas- 
uring system  is  the  determination  of  an  accurate  calibra- 
tion relationship  between  the  dynamic  force  and  the  corre- 
sponding pressure  change.  As  other  investigators  have 
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indicated,  it  is  possible  to  get  quite  different  calibration 
relationships  according  to  the  method  of  calibration.   In- 
formation as  to  the  source  of  this  erratic  behavior  could  lead 
to  the  design  of  pressure  measuring  systems  which  would  min- 
imize this  problem.   The  analysis  and  design  of  a  pressure 
measuring  system  are  considered  in  Chapters  II  and  III  re- 
spectively.  Various  calibration  methods  are  discussed  in 
Chapter  IV. 

The  analysis  of  the  pressure  measuring  system,  which 
is  discussed  in  the  following  chapter,  was  made  in  order 
to  determine  the  design  parameters  which  control  the  accuracy 
of  the  measurement  of  dynamic  force.   With  these  parameters 
known,  pressure  measuring  systems  may  be  designed  for  dif- 
ferent types  of  vehicles  with  a  minimum  amount  of  time  spent 
in  changing  the  design  for  each  new  vehicle. 
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CHAPTER  II 

BASIC  THEORY  UNDERLYING  THE  USE  OF  TIRE  INFLATION  PRESSURE 
AS  AN  INDICATION  OF  DYNAMIC  TIRE  FOFCE 

At  this  point,  it  is  in  order  to  consider  the  con- 
struction of  a  typical  pressure  measuring  system  as  shown 
schematically  in  Figure  2.  It  should  be  noted  that  the 
tire  is  an  integral  part  of  such  a  system.  The  force  to 
be  measured  acts  at  the  contact  surface  between  the  tire 
tread  and  the  pavement,  while  the  pressure  signal  is  meas- 
ured at  the  transducer. 

The  operation  of  this  pressure  system  is  accomplished 
in  the  following  manner.   Prior  to  making  measurements, 
valve  number  1  connected  to  the  reference  pressure  tank  Is 
opened.   Valve  number  2,  connected  to  the  tire,  is  then 
opened  thus  establishing  the  static  tire  pressure  in  all 
parts  of  the  pressure  measuring  system.   In  making  the 
pressure  measurements,  valve  number  1  is  closed,  thus  sub- 
jecting side  B  to  the  original  tire  pressure  established 
in  the  reference  tank.   As  the  vehicle  moves  down  the  high- 
way, the  pressure  transducer  responds  to  the  pressure  dif- 
ference and  transmits  this  information  in  the  form  of  an 
electrical  signal  to  an  amplifier  and  a  recording  oscillo- 
graph. 
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FIGURE  2.   SCHEMATIC  DRAWING  OF  A  PRESSURE  MEASURING  SYSTEM 
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The  purpose  of  the  normally-closed  solenoid-operated 
valve  is  apparent  when  one  considers  the  effect  of  heating 
or  cooling  of  the  tire.  Any  heating  or  cooling  of  the  air 
in  the  tire  will  produce  a  difference  in  pressure  relative 
to  the  original  pressure  introduced  into  the  tank.  The 
solenoid-operated  valve  provides  a  method  for  quickly 
equalizing  this  unwanted  pressure  difference. 

Before  a  theoretical  analysis  is  undertaken,  it  is 
well  to  consider  several  questions  which  should  be  answered 
in  order  that  an  accurate  force  transducer  be  designed. 
Of  immediate  concern  is  the  following  question,   v/hat 
kind  of  analysis  is  necessary  to  determine  the  important 
parameters  of  the  pressure  measuring  system?   In  other 
words,  what  kind  of  mathematical  model  should  be  set  up  to 
explain  the  behavior  of  the  pressure  measuring  system? 

Once  the  behavior  is  explained,  how  much  control  can 
be  exerted  by  proper  design  of  the  system?   That  is,  can 
the  Important  parameters  be  controlled  within  the  physical 
constraints  of  the  components  of  the  system?  Can  the 
effects  caused  just  by  the  tire  (over  which  there  is  no 
control)  be  Isolated  from  those  effects  from  other  com- 
ponents of  the  system  over  which  there  may  be  some  control? 

What  type  of  calibration  procedure  is  required  to 
completely  define  the  characteristics  of  the  system?   Is 
a  static  calibration  satisfactory  or  is  a  dynamic  calibra- 
tion always  required? 
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What  are  the  basic  limitations  of  using  a  pressure 
measuring  system  as  a  force  transducer?   What  accuracy  can 
be  expected  in  predicting  the  'dynamic  force  which  occurs  at 
the  tire  tread? 

Can  the  transducer  be  applied  to  larger  vehicles 
without  major  changes?  Are  there  any  specific  difficulties 
which  might  be  anticipated  from  the  analysis?  - 

Finally,  how  may  a  summary  of  data  recorded  by  the 
device  be  presented  in  order  to  have  a  measure  of  the  dy- 
namic force  which  could  illustrate  the  effect  that  other 
variables  such  as  speed  have  on  the  dynamic  force?  These 
questions  will  now  be  considered  in  detail. 

It  is  instructive  to  trace  a  signal  through  the 
system.   An  increase  in  force  at  the  tire  surface  causes 
a  decrease  in  the  volume  of  the  tire.   The  pressure  in 
the  tire  then  increases  which  in  turn  Initiates  a  pressure 
wave  which  travels  with  acoustic  velocity  through  the  tube 
and  the  rotating  Joint  up  to  side  A  of  the  pressure  trans- 
ducer which  is  one  of  three  parallel  cavities  connected 
to  the  main  tube.   The  portion  of  the  pressure  wave  which 
reaches  the  differential  pressure  transducer  is  then  con- 
verted to  an  electrical  signal  by  the  transducer  and  is 
recorded  by  an  oscillograph.   As  the  wave  reaches  the 
terminal  point  of  each  cavity,  it  is  reflected,  and  the 
magnitude  of  the  reflection  depends  upon  the  manner  in 
which  the  cavity  is  terminated.   The  reflected  waves  re- 
combine  in  the  common  tube  and  travel  back  to  the  tire. 
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This  process  of  wave  motion  continues  until  the  waves  are 
finally  dissipated  by  friction. 

It  is  important  to  realize  the  portion  of  the  system 
over  which  control  may  be* exerted.   The  dynamic  force  shown 
in  Figure  2  causes  a  pressure  change  "p"  In  the  tire  cavity. 
It  is  this  pressure  change  "p"  which  should  be  measured  as 
accurately  as  possible.   Unfortunately,  as  soon  as  any  connec- 
tions are  made  to  the  tire  In  order  to  measure  the  magnitude 
of  this  pressure  change,  a  dynamic  problem  arises  because 
the  pressure  transducer  which  measures  at  point  "A"  is  at 
one  end  of  a  pneumatic  system  and  the  pressure  "p"  which  is 
to  be  measured  Is  at  the  other  end.   The  dynamic  properties 
of  this  pneumatic  system  definitely  affect  the  magnitude  of 
the  pressure  signal  which  Is  recorded  by  the  pressure  trans- 
ducer at  point  "A"  in  Figure  2.   The  principal  problem,  then, 
is  to  find  the  controlling  parameters  of  this  pneumatic  system 
which  Is  connected  to  the  tire  and  then  to  design  a  system 
which  will  minimize  the  undesirable  dynamic  effects.   Accord- 
ingly, the  first  step  in  the  analysis  will  be  to  determine 
the  parameters  which  govern  the  dynamic  behavior  of  the 
system. 

In  Figure  3,  a  schematic  drawing  Is  presented  in  which 
is  shown  a  cross-sectional  view  of  the  active  side  of  the 
pressure  measuring  system  (valve  number  1  and  the  solenoid- 
operated  valve  are  closed  during  operation).   The  schematic 
drawing  in  Figure  3  illustrates  the  relative  volume  of  the 
components  of  the  system,  but  it  does  not  show  the  changes 
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19 
in  the  internal  dimensions  in  the  fittings,  rotating  joint, 
and  valves.   The  cross-sectional  areas  of  the  passageways 
of  the  system  change  at  the  connections  of  each  of  the  com- 
ponents Just  mentioned,  and  are  by  no  means  as  constant  as  ' 
might  be  indicated  by  the  schematic  drawing.   A  full-scale 
drawing  of  valve  number  2  with  its  fittings  is  shown  beside 
the  schematic  to  illustrate  this  point. 

In  order  to  predict  the  dynamic  behavior  of  the  air 
in  the  system,  a  suitable  mathematical  model  must  be  deter- 
mined.  The  complexity  of  the  model  which  would  completely 
describe  this  dynamic  behavior  cannot  be  fully  appreciated    ' 
until  one  considers  the  solution  of  a  much  simpler  system. 

For  example,  the  system  shown  in  Figure  4  has  been 
studied  by  a  number  of  investigators.   Note  that  there  is 
only  one  volume  (the  receiver  volume)  which  is  considered 
and  that  the  cross-sectional  area  of  the  tubing  is  constant 
throughout.   Schuder8  derived  equations  for  the  pressure- 
time  relationship  at  the  receiver  end  of  this  system, 
given  that  a  sudden  (step)  increase  of  pressure  had  oc- 
curred at  the  sending  end.   The  two  basic  differential 
equations  which  govern  transient  flow  in  pipes  were  used 
in  this  derivation.   They  are 

*Z  p-72-at  (1) 

fe;-p&-Hu  <2> 
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where:    u  =  fluid  velocity 

x  =  distance  from  sending  end 

p  =  fluid  density 

c  =  acoustic  velocity 

t  ■  t ime 

p  ■  pressure 

R  ■  tubing  resistance. 
These  equations  are  based  on  the  conservation  of  mass,  energy, 
and  momentum  for  the  one-dimensional,  adiabatic  flow  of  a 
compressible  fluid  with  friction.   Their  derivation  is  In- 
cluded in  an  Appendix  to  Schuder's  thesis.   The  tubing  re- 
sistance R  was  taken  as  a  constant  and  was  evaluated  on  the 
assumption  of  fully  developed  laminar  flow.   Pressure  and 
temperature  changes  were  assumed  to  be  small  so  that  the 
density  and  the  acoustic  velocity  could  be  treated  as  con- 
stants and  evaluated  at  the  initial  temperature  and  mean 
pressure  of  the  system. 

By  assuming  laminar  flow,  the  tubing  resistance  R 
was  obtained  from  the  Kagen-Poiseuille  law  as  follows: 

Sp   =      32/-1 uL   =   RuL,  R  =   32Ll/d2  (3) 

d2 

where:    d  =  the  inside  diameter  of . the  tubing  (in.2) 

fJL   =  the  dynamic  viscosity  of  the  fluid  (lb.  sec. /in.2) 
u  =  the  velocity  of  the  fluid  (in. /sec.) 
L  =  the  length  of  tube  (in.) 
R  =  the  tubing  resistance  (lb. sec. /in. 4) . 
Op  ■  pressure  change  in  length  L,  (psi) 
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The  resulting  solution  for  the  pressure  at  the  receiv- 
ing end  of  the  tube  as  a  function  of  time  was 


+CI00 
fr  -Rt/2/3  ^COS  %   +  JL  SIN  ^4 


aJ(—  +  1  J  siNa+  92-cosal 

+ai 


where 

0 


(iOc)      -(*/  (5) 


and    CL    is  obtained   by   solving  the   equation 

aTANO,     =   aL/Q.  (6) 

The  variables  which  were  not  defined  previously  are  illus- 
trated In  Figure  4.   Schuder  obtained  values  for  CL ,  through 
CL t  by  solving  equation  (b)  graphically. 

As  Schuder  observed,  the  series  converges  very  slowly 
for  systems  which  overshoot  (see  Figure  4)  and  therefore 
the  solution  (M)  can  become  very  unwieldy  when  applied  to 
an  oscillatory  system.   Also,  the  effects  of  varying  the 
system  parameters  Q,  L,  and  R  are  not  easily  observed  be- 
cause of  the  complexity  of  the  solution. 

In  order  to  make  this  solution  less  cumbersome  and 
therefore  more  useful,  another  Investigator^  derived  an 
approximate  solution  from  Schuder' s  work  which  is  valid 
if  the  Laplace  operator  "s"  is  small  enough.   Using  the 
approximation,  the  equations  describing  the  system  were 
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reduced  to  the  form  of  a  second-order  linear  differential 
equation.   As  a  result,  expressions  for  the  damping  ratio, 


r=l/2  2k  J  1/2  +  Q/aL'  (7) 


and  the  undamped  natural  angular  frequency, 


CO   =        C/L   —  (8) 

J  1/2  +  Q/aL" 


were  obtained. 

The  particular  advantage  of  this  approximate  solution 
is  that  the  parameters  involved  in  r  and  CO  are  completely 
identified  with  the  physical  system.   Conclusions  concern- 
ing the  effect  of  changing  these  parameters  may  be  easily 
reached. 

Another  method  of  analyzing  the  system  shown  in 
Figure  iJ  was  used  by  an  investigator   at  the  National 
Bureau  of  Standards.   In  this  theoretical  investigation, 
an  oscillatory  pressure  was  applied  to  the  sending  end  of 
the  tube  and  the  attenuation  and  lag  of  that  signal  as  it 
appeared  at  the  receiving  end  was  calculated.   These  atten- 
uation factors  and  lag  values  are  conveniently  presented 
by  graphs  of  dimensionless  parameters  for  the  use  of  the 
designer  of  pneumatic  instrument  lines.   If  a  designer  had 
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an  application  which  matched  the  system  shown  in  Figure  4 
well  enough,  he  could  pick  the  diameter  of  tubing  which 
would  result  in  minimum  attenuation  and  delay  by  using 
the  information  in  this  paper. 

All  of  the  preceding  discussion  was  concerned  with 
a  system  with  a  long  straight  tube  ending  in  a  single 
receiving  volume.   Referring  to  Figure  3,  it  is  not  ap- 
parent as  to  how  the  theory  just  discussed  might  be  applied 
to  the  pressure  measuring  system  shown  there.   In  fact, 
it  is  evident  that  the  theory  does  not  apply  because  of 
the  number  of  cavities  and  passageways  which  make  up  the 
pressure  measuring  system. 

In  I878,  Lord  Rayleigh  considered  the  dynamics  of 
a  more  complicated  system  which  consisted  of  two  chambers 
and  three  passageways  as  shown  in  Figure  5.   In  his  anal- 
ysis, the  air  in  each  passageway  was  assumed  to  act  as 
an  incompressible  fluid  and  therefore  to  behave  as  if  it 
were  a  rigid  mass.   The  inertia  of  the  air  in  the  chambers 
was  considered  to  be  negligible  and  the  density  was  assumed 
to  be  uniform.   As  a  result,  the  air  in  these  chambers 
was  assumed  to  act  purely  as  a  spring.   The  equivalent 
spring-mass  system  is  shown  in  Figure  5  below  the  appro- 
priate section  of  the  system. 

It  is  interesting  to  note  Lord  Rayleigh' s  comment 
concerning  this  simplification: 

"In  flowing  through  the  aperture  under  the 

operation  of  a  difference  of  pressure  on  the 
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two  sides,  or  in  virtue  of  its  own  inertia  after 
such  pressure  has  ceased,  the  air  moves  approxi- 
mately as  an  incompressible  fluid  would  do  under 
like  circumstances  provided  that  the  space  through 
which  the  kinetic  energy  is  sensible  be  very  small 
in  comparison  with  the  length  of  the  wave.   The 
suppositions  on  which  we  are  about  to  proceed 
are  not  of  course  strictly  correct  as  applied  to 
actual  resonators  such  as  are  used  in  experiment, 
but  they  are  near  enough  to  the  mark  to  afford  an 
instructive  view  of  the  subject  and  in  many  cases 
a  foundation  for  a  sufficiently  accurate  calcula- 
tion of  the  pitch.   They  become  rigorous  only  in 
the  limit  when  the  wave-length  is  indefinitely 
great  in  comparison  with  the  dimensions  of  the 
vessel." 

In  the  case  of  the  pressure  measuring  system,  the 
lumped  parameter  system  model  is  certainly  instructive  as 
it  indicates  the  role  of  the  different  components  of  the 
system. 

Consideration  of  the  system  shown  in  Figure  5  will 
illustrate  the  value  of  this  approach.   The  kinetic  energy 
of  the  air  in  the  passageways  may  be  expressed  as 


K.E.    =   1/2    p 


.2  .2  .2 

Xi_  +        X2      +        X3 


al/Ll        a2/L2        a3//L3 
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where:         Q 

K.E. 

• 

X 

a 
L 


the  mass  density  of  the  air   (lb. sec.   /in.    ) 

the   kinetic   energy    (in-lb) 

the   volumetric   rate  of   flow  of  the   air   (in.-vsec.) 

the  cross-sectional  area  of  a  passageway   (in.    ) 

the   length  of  a  passageway   (in.). 


The   kinetic   energy   of  the    spring-mass   system  may  be   expressed 

as 

•2         »2      »2 

K.E.  =  1/2  MXXJ  +  1/2  M2X2  .+  M3X3  (10) 

where:    M  =  mass(lb-sec2/in) 

X  »  the  velocity  of  a  mass(in/sec) . 

The  potential  energy  stored  in  a  single  chamber  during 
a  compression  or  expansion  of  the  air  in  the  chamber  may  be 
expressed  by 


P.E.  =  1/2  p 


(change  in  volume)' 
volume 


(11) 


Therefore   the   potential  energy   stored   by  the   air  in  the   cham- 
bers  shown   in  Figure  5   may   be  expressed   by 


P.E.    =   1/2  nc 


P 


(x2  -  x^2^  (x3-x2)2 


Q: 


Qc 


(12) 
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where:  O  =  the  mass  density  of  the  air 
X  =  the  volume  of  the  channels 

Q  =  the  volume  of  the  air  in  'the  chambers 

1/2 
c  =  the  acoustic  velocity( [/p/p]    ). 


The  potential  energy  stored  in  the  springs  of  the  spring- 
mass  system  may  be  expressed  by 

P.E.  =  1/2  Ki(X2  -  Xl)2  +  1/2  K2(X3  -  X2)2       (13) 

where:   K  =  a  spring  constant 

X  =  the  displacement  of  a  mass. 

By  comparing  equations  (9)  and  (10)  term  by  term,  the 
mass  term  in  (10)  may  be  expressed  as 

Mi  =  p  L1/a1  (14) 

By  comparing  equations  (12)  and  (13)  term  ty  term,  an 
expression  for  the  spring  constant  of  the  spring-mass  system 
may  be  derived. 


Kl  =  P  C"/Q2      and     K2  =  pc2/Q3        (15) 

An  important  conclusion  may  be  reached  by  examination 
of  the  form  of  equations  (15).   That  is,  the  equivalent  spring 
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constants  of  the  system  are  inversely  proportional  to  the 
volume  of  the  chambers.   Therefore  the  relative  stiffness 
of  the  two  chambers  may  be  readily  compared  by  the  ratio  of 
K1/K2  i.e. 

Kl/K2  =  (pc2/Q2)/(Pc2/Q3)  =  Q3/Q2         <16) 

Comparisons  of  this  type  may  be  made  of  the  components 
of  the  pressure  measuring  system  shown  in  Figure  3.   Immed- 
iately it  may  be,  seen  that  the  equivalent  stiffness  of  the 
tire  volume  is  negligible  compared  to  the  stiffness  of  the 
other  cavities  of  the  system  since  the  tire  volume  is  approx- 
imately one  cubic  foot  while  the  other  volumes  are  less  than 
one  cubic  inch.   Thus,  the  oscillations  between  the  tire 
and  the  pressure  transducer  are  not  governed  by  the  tire 
volume,  and  the  chamber  which  represents  the  tire  as  shown  in 
Figure  3  may  be  treated  as  If  it  had  infinite  volume. 

The  analysis  of  the  pressure  measuring  system  has  been 
simplified  by  elimination  of  the  tire  volume  as  a  variable. 
An  equivalent  spring-mass  system  for  this  new  system  as 
shown  in  Figure  6  may  be  used  to  advantage.   The  spring- 
mass  system  shown  closest  to  the  schematic  drawing  of  the 
pressure  measuring  system  was  determined  by  replacing  each 
length  of  tubing  by  a  mass,  and  by  replacing  each  enlarge- 
ment of  the  interior  by  a  spring.   An  approximation  was  made 
for  the  tubes  connecting  the  pressure  transducer,  the 
solenoid-operated  valve,  and  the  valve  number  1  by  lumping 
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the  air  in  these  tubes  into  one  mass  and  converting  the  vol- 
umes of  the  three  cavities  into  three  parallel  springs.   The 
Justification  for  this  approximation  is  more  apparent  when  the 
second  equivalent  system  shown  in  Figure  6  is  considered.   If 
only  the  fundamental  mode  of  oscillation  is  considered,  (the 
same  assumption  that  the  investigator   made  when  the  Laplace 
operator  "s"  was  restricted  to  small  values).,  all  masses  of 
this  undamped  three  degree  of  freedom  system  move  in  phase 
and  the  springs  which  represent  the  rotating  Joint  and  valve 
number  2  are  not  deflected.   In  other  words,  considering  the 
physical  system,  the  column  of  air  in  the  tubing  oscillates 
back  and  forth  between  the  cavities  of  the  pressure  trans- 
ducer and  valves  and  the  tire  cavity  which  for  all  practical 
purposes  has  an  infinite  volume. 

For  the  fundamental  mode  of  oscillation,  the  masses 
of  air  In  the  rotating  Joint  and  valve  number  2  also  possess 
some  kinetic  energy.   A  convenient  way  of  accounting  for 
this  kinetic  energy  is  to  calculate  an  equivalent  mass  of 
air  which  is  moving  with  the  velocity  of  the  air  in  the 
tube.   For  example,  the  actual  mass  of  air  contained  in 
the  rotating  Joint  may  be  reduced  to  an  equivalent  mass  of 
air  in  the  tube  by  multiplying  by  the  squared  ratio  of  the 
average  velocity  in  the  rotating  Joint  to  the  tube  velocity. 
This  equivalent  mass  of  air  may  be,  in  turn,  converted  to 
an  equivalent  length  of  tube.   To  be  specific,  the  equiva- 
lent length  of  tube  which  represents  the  mass  of  air  in  the 
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rotating  Joint  is  .55  inches.   The  enlargement  shown  in 
Figure  3  which  represents  the  rotating  joint  may  then  be 
replaced  by  .55  inches  of  tube  for  purposes  of  calculating 
the  fundamental  frequency'  of  oscillation.   A  similar  re- 
placement may  be  made  for  valve  number  2. 

The  calculation  of  the  fundamental  frequency  of  the 
system  may  be  made  by  substituting  the  previously  deter- 
mined quantities  for  the  spring  constant  K"  and  the  mass  M 
into 


f  =  (K/.M)1/2/27T  (17) 


or 


f  =  (c/27T)(a/QL)1/2  (18) 


where:   f  =  the  fundamental  frequency  (cps) 
c  =  the  velocity  of  sound  (in. /sec.) 
a  =  the  cross-sectional  area  of  the  tubing  (in.  ) 
Q  =  the  total  volume  of  the  pressure  transducer  (in. 3) 

solenoid-operated  valve,  and  valve  number  1,  and 
1-  =  the  total  length  of  tubing  (in.). 

The  cross-sectional  area  of  the  tubing  was  used  even  though 
the  area  is  reduced  in  the  fittings  and  the  valves,  because 
the  tubing  area  is  present  over  most  of  the  length  of  in- 
ternal passageway  and  therefore  controls  the  kinetic  energy 
of  the  air  in  its  slug-like  flow. 
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When  the  numerical  values  for  the  pressure  measuring 
system  are  substituted  into  equation  (18),  it  is  apparent 
that  the  simplified  model  is  not  able  to  predict  accurately 
the  fundamental  frequency  of  oscillation  since  the  predicted 
frequency  is  *J0  percent  higher  than  what  has  been  observed 
experimentally.   Evidently,  the  volume  Q  is  too  small  and 
the  length  L  is  too  short- for  the  system  parameters  to  be 
lumped,  therefore  a  method  must  be  devised  in  which  the 
elasticity  of  the  air  in  the  tubing  and  the  mass  of  air  in 
the  cavities  may  be  taken  into  account. 

.  Although  the  lumped-parameter  model  does  not  give  an 
accurate  prediction  of  system  behavior,  the  simplification 
of  converting  the  system  into  a  single  tube  connected  to  a 
single  chamber  is  invaluable.   Again  Lord  Rayleigh  has  a 
suggested  method  of  solution  in  treating  such  a  system  so 
that  the  distribution  of  mass  and  elasticity  within  the 
system  may  be  considered.   If  the  volume  Q  is  replaced  with 
an  equivalent  length  L   of  tubing  which  has  the  same  cross- 
sectional  area  "a"  as  the  other  tubing  in  the  system,  the 
model  of  the  system  is  now  just  a  tube  of  length  L  +  L   where  L1 
is  calculated  from 


L'  =  Q/a  (19) 


The  fundamental  mode  of  vibration  for  a  single  tube  closed 
on  one  end  and  open  on  the  other  is  well  known.   A  node  must 
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exist  at  the  closed  end  and  an  anti-node  must  be  present  at 
the  open  end.   Therefore,  the  wave  length  must  be  equal  to 
four  times  the  length  of  the  tube.   The  equation  for  the 
fundamental  frequency  is  simply 

f'=  (c/4)/lL  +  L')  (20) 


or  f  =(j£)  /  (1  +  Q/aL)  (21) 


If  the  volume  is  too  large  for  the  above  treatment  to 
apply,  Lord  Rayleigh  derived  another  expression  by  which  the 
fundamental  frequency  may  be  calculated.   The  fundamental 
frequency  f  Is  found  by  solving  the  following  equation: 

TAN(27TfL/c)  =  c/(27TfO./a)  (22) 

where  the  variables  are  the  same  as  were  used  previously. 

An  equation  of  this  form  may  be  solved  readily  by 
plotting,  each  side  of  the  equation  versus  the  dimensionless 
parameter  (27TfL/ca)  and  determining  the  intersection  point 
of  the  two  functions.   If  accuracy  greater  than  that  of  the 
graphical  method  is  desired,  a  few  iterations  about  the 
point  obtained  graphically  will  determine  the  Intersection 
point  to  any  desired  accuracy. 

In  the  case  of  the  pressure  measuring  system,  the 
simpler  form  i.e.  equation  (21),  predicts  the  experimental 
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results  adequately.   Figure  7  illustrates  the  accuracy  of  the 
prediction  of  the  fundamental  frequency  by  equation  (21). 
The  experimental  values  were  obtained  by  subjecting  the  system 
to  impulsive  excitation  and  observing  the  period  of  the  result- 
ing oscillation.   The  equivalent  length  was  varied  by  connect- 
ing various  lengths  of  tube  between  valve  number  2  and  the 
rotating  joint.   The  prediction  of  the  fundamental  frequency 
by  equation  (8)  is  also  shown  in  Figure  7  as  a  dashed  line. 
.Note  that  within  the  range  of  experimental  values  both  equa- 
tions (8)  and  (21)  predict  the  fundamental  frequency  within 
the  accuracy  needed  for  design  purposes.   The  largest  devia- 
tion from  the  experimental  values  occurred  at  the  equivalent 
length  of  ^9.5  inches  where  equation  (8)  predicted  a  fre- 
quency value  18  percent  higher  than  the  experimental  value 
which  agreed  with  the  prediction  of  equation  (21). 

Having  discussed  three  relatively  simple  methods  of 
predicting  the  fundamental  frequency  of  oscillation  of  the 
air  in  a  tube  which  is  open  at  one  end  and  is  connected  to 
a  chamber  at  the  other,  a   comparison  of  the  predictions 
of  the  methods  should  be  of  interest.   Equations  (8),  (18), 
and  (21)  may  all  be  expressed  in  the  same  dimensionless 
form  if  the  frequency  is  expressed  in  rad./sec.  and  the 
equations  are  written  as  follows: 


T37ET  "  (Q/aL)"1/2 


(lumped  parameters)   (18') 


CJ  (TT/2) 

rc7LT  =  TTWaTT 


(equivalent    length)      (21') 


KT7ET  "  tl/2  +  ^aL>~1/2 


(equivalent  2nd  order  system) 

(8') 
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The  words  in  parentheses  identify  the  assumptions  made  in 
deriving  the  equations.   These  three  equations  are  plotted 
in  Figure  8  for  purposes  of  comparison.   The  abscissa  is  the 
dimensionless  parameter  Q/aL  or  L'/L  where  L'  is  the  equiva- 
lent length  of  tube  calculated  by  dividing  the  volume  of 
the  chamber  by  the  area  of  the  tube.   This  parameter  L'/L 
is  a  measure  of  the  size  of  the  chamber  relative  to  the 
length  of  the  tube.-  It  is  interesting  to  note  that  only 
in  the  range  of  relatively  large  values  of  volume  Q,  or 
(Q/aL)>l,  does  the  lumped  parameter  equation  (18*)  approach 
equation  (8').   This  result  is  not  surprising  since  the 
velocity  is  small  enough  in  the  chamber  to  neglect  the 
kinetic  energy  and  treat  the  air  in  the  chamber  as  a  pure 
spring  only  if  the  chamber  volume  (and  therefore  area  of 
cross  section)  is  large  relative  to  the  tube  area.   Equa- 
tion (21')  and  (3')  run  almost  parallel  to  each  other  with 
a  maximum  difference  in  magnitude  of  approximately  11  per- 
cent for  small  values  of  Q/aL  until  they  approach  each 
other  and  finally  cross  near  the  value  Q/aL  of  .75.   ^or 
values  of  Q/aL  greater  than  unity,  the  solutions  diverge. 
The  solution  (211),  which  is  based  on  replacing  the  volume 
Q  by  an  equivalent  tube  length,  would  be  expected  to  lose 
its  validity  as  this  volume  ~  becomes  large  with  respect 
to  the  tube  volume  (aL). 

To  conclude  the  discussion  of  the  prediction  of  the 
fundamental  frequency  cf  oscillation,  It  should  be  pointed 
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out  that  equation  (21)  apoears  to  be  the  most  suitable  of 
the  methods  for  analyzing  the  pressure  measuring-  system  if 
accuracy  and  simplicity  are  considered. 

It  is  interesting  to  note  that  the  method  of  deter- 
mining equation  (20)  may  be  used  as  an  approximate  method 
of  determining  the  magnitude  of  the  second  natural  fre- 
quency of  the  pressure  measuring  system.   In  deriving 
equation  (20),  it  was  noted  that  the  length  of  the  tube 
was  four  times  the  wave  length  of  the  fundamental  fre- 
quency.  Eecause  of  the  end  conditions  of  the  tube,  the 
tube  length  is  only  three-fourths  of  the  wave  length  of 
the  second  harmonic.   The  result  of  dividing  the  acoustic 
velocity  by  the  wave  length  of  the  second  harmonic  is 
that  the  second  natural  frequency  is  three  times  the 
fundamental  frequency  of  the  oressure  measuring  system. 
The  importance  of  this  calculation  is  that  it  provides  an 
order  of  magnitude  estimate  of  the  second  natural  fre- 
quency.  It  illustrates  that  if  the  system  can  be  designed 
so  that  the  fundamental  frequency  is  considerably  higher 
than  the  exciting  frequencies,  the  second  natural  fre- 
quency will  certainly  cause  no  resonance  problems. 

In  order  to  have  adequate  design  information  about 
the  pressure  measuring  system,  not  only  the  fundamental 
frequency  must  be  known,  but  also  some  procedure  for 
estimating  the  dampinr  of  the  fundamental  mode  of  oscilla- 
tion must  be  available.   Equations  (7),  (3)  and  (8)  may  be 
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combined  to  give  the  damplnp-  ratio 

r  =  8(/X/p  )  /  (7Td2f).  (23) 

Py  use  of  the  perfect  gas  law,  equation  (23)  may  be  ex- 

i 

pressed  in  terms  of  pressure  and  temperature  instead  of 
density  i.e. 

r  =  8/1  RT  /  (7Tpd2f).  (2H) 

where :   r  =  the  damping  ratio  of  an  equivalent  second 

order  system 
R  =  the  universal  gas  constant  (in2/"R) 
LL  =  the  dynamic  viscosity  of  the  air  (lb-sec/in  ) 
P  =  the  absolute  pressure  (It/in"1) 
T  =  the  absolute  temperature  (*R) 
f  =  the  fundamental  frequency  (cyc/sec)  and 
d  =  the  diameter  of  constant  diareter  tubing  (in) 

which  has  the  same  resistance  as  the  actual 

passageways . 

Equation  (23)  is  plotted  in  Figure  9  using  the  actual  tube 
diameter,  and  a  density  which  corresponds  to  a  pressure  of 
30  psig  and  a  temperature  of  75  degrees  Fahrenheit.   Several 
measured  values  of  damping  factor  are  shown  for  a  range  of 
fundamental  frequencies  from  26  ens  to  46  cos.   Only  the 
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FIGURE  9.   DAMPING  RATIO  PREDICTED  BY  EQUATION  (23) 
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two  values  measured  at  the  highest  frequency  appeared  to 
agree  with  the  theory.   Fortunately  these  frequencies 
correspond  to  the  operating  range  of  the  pressure  measuring 
system;,  therefore,  the  eauation  may  be  of  value  at  least  to 
illustrate  qualitatively  the  effects  of  the  various  param- 
eters on  the  damping  of  the  system.   It  is  certainly  important 
to  realize  the  inverse  relationship  between  damping  and  fun- 
damental frequency. 

Eauation  (2*0  points  out  the  Inverse  relationship 
between  damping  and  tire  pressure.   This  relationship  indicates 
that  the  damping  device  which  would  provide  proper  damping 
for  an  automobile  pressure  measuring  system  which  operates 
at  30  psig  would  not  provide  satisfactory  damping  if  it 
were  applied  to  a  larger  vehicle  which  operates  at  a  pres- 
sure of  75  psig.   Another  conclusion  which  may  be  drawn 
from  equation  (24)  is  that  the  system  Is  not  extremely  sen- 
sitive to  temperature  changes  since  the  absolute  temperature 
appears  in  the  equation. 

Another  form  of  equation  (23)  may  be  useful  when  it 
Is  solved  for  the  diameter 


1/2 

d  =  4  C(jLL/p)  /  r(27Tf)]X/  (25) 


This  equation  can  serve  as  a  starting  point  for  determination 
of  the  diameter  of  a  restriction  to  be  put  in  the  pressure 
measuring  system  in  order  to  provide  a  certain  damping  factor. 
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Of  course,  the  correct  diameter  could  not  be  calculated 
exactly  to  give  the  desired  damping  because  the  mathe- 
matical model  is  not  able  to  account  for  the  complexity 
of  the  physical  system.   However,  as  will  be  shown  in  the 
next  chapter,  such  a  calculation  can  facilitate  the  se- 
lection of  the  most  satisfactory  diameter. 

In  summarizing  the  dynamic  effects  of  the  pressure 
measuring  system,  it  has  been  shown  that  the  system  is 
capable  of  oscillating  at  its  fundamental  natural  fre- 
quency and  a  suitable  mathematical  model  has  been  pre- 
sented which  accurately  predicts  this  fundamental  frequency 
in  terms  of  the  physical  parameters  of  the  system.   The 
parameters  associated  with  the  damping  of  this  fundamental 
mode  of  oscillation  have  been  identified  by  a  mathematical 
model  which  for  the  most  part  predicts  only  qualitative 
results. 

Another  question  which  may  be  considered  separately 
from  the  dynamic  problem  Just  considered  is  that  of  the 
relationship  between  a  force  increase  at  the  tread  of  the 
tire  and  a  pressure  increase  within  the  tire.'  It  should  be 
realized  that  no  control  may  be  exerted  over  this  relation- 
ship because  it  is  determined  by  the  characteristics  of 
the  tire.   It  is  important,  however,  that  the  part  of  the 
behavior  of  the  complete  system  which  Is  governed  by  this 
relationship  be  known. 

An  approximate  relationship  is  derived  in  the  Appendix 
for  the  "calibration  factor"  of  the  pressure  measuring 
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system  usually  denoted  as  F/P,  the  ratio  of  dynamic  force 
to  dynamic  pressure.   As  Indicated  in  the  Appendix,  this 
ratio  F/P  is  actually  the  slope  of  the  total  force  versus 
total  pressure  curve  and  may  be  written  as  the  derivative 
dp/dp.   This  relationship  is  repeated  below. 


"-  Hj^f. 


1  - 


o 


2pFwRy 


1/2 


(26) 


where:   w  -  the  width  of  the  tire  (in) 


K 


the  outer  radius  of  the  tire  tread  (in) 


V0=  the  volume  of  the  tire  (in  ) 

F  ■  the  static  wheel  force  (lb) 
o 

p  »  the  absolute  pressure  in  the  tire  (lb/in2) 

p  =  the  gage  pressure  in  the  tire  (lb/in2) 

"Y  ■  a  polytropic  constant  with  value  between  1.0 

and  1.4  (^is  closer  to  1.0  for  frequencies 

less  than  100  cps.) 


Equation  (26)  is  plotted  In  Figure  10  versus  gage 
pressure  of  the  tire.   This  approximation,  although  only 
based  on  the  geometry  of  the  tire  and  the  thermodynamic 
properties  of  the  air  in  the  tire,  illustrates  a  similar 
trend  to  the  experimentally  determined  calibration  factors 
which  are  also  shown  in  Figure  10.   The  large  increase  In 
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the  ratio  F/P  as  pressure  increases  indicates  that  the  pres- 
sure measuring  system  is  increasingly  less  sensitive  at 
higher  pressures  as  less  change  in  pressure  results  from  a 
given  increase  in  force.   This  effect  was  also  observed  ex- 
perimentally by  the  AASHO  investigators'. 

Another  important  fact  is  also  evident  from  an  exami- 
nation of  Figure  10.   The  slope  of  the  curve  is  quite  large, 
therefore  making  it  imperative  that  test  runs • be  made  at 
the  identical  inflation  pressure  at  which  the  system  was 
calibrated,  and  that  the  pressure  not  be  allowed  to  change 
during  a  test  because  of  thermal  effects.   It  is  also  in- 
teresting to  note  that  if  large  pressure  changes  resulted 
from  dynamic  forces,  a  pressure  measuring  system  would  not 
be  a  feasible  way  to  measure  dynamic  forces  because  the 
calibration  factor  would  not  remain  constant.   However, 
since  the  pressure  changes  due  to  dynamic  forces  usually 
are  less  than  .3  psi,  it  Is  possible  to  use  an  average 
F/P  ratio  over  such  a  small  range  of  pressure  values.   The 
fact  that  the  F/P  curve  shown  in  Figure  10  is  not  constant 
with  pressure  produces  the  result  which  shows  the  calibration 
factor  will  be  dependent  upon  the  force  amplitude.   That  is, 
the  calibration  factor  which  is  determined  experimentally 
in  a  low  force  range  will  be  lower  than  the  calibration 
factor  obtained  in  a  higher  force  range.   This  conclusion 
suggests  that  calibration  tests  should  measure  the  F/p 
factor  in  the  range  of  forces  expected  on  the  roaa  in 
order  to  obtain  reliable  results. 
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Equation  (26)  is  plotted  in  Figure  11  for  two  different 
tires,  a  7.00-11  passenger  car  tire  and  a  6.50-16  truck  tire. 
The  two  curves  indicate  the  increase  in  F/P  ratio  which  may 
be  expected  as  volume  and  overall  tire  dimensions  are  increased. 
This  trend  was  also  observed  experimentally  by  the  AASHO  in- 
vestigators' in  their  investigation  of  various  sizes  of  truck 
tires.   Note  that  although  the  F/P  ratio  is  directly  propor- 
tional to  the  volume  of  the  tire,  it  is  also  directly  propor- 
tional to  the  tire  radius  and  to  the  tire  width  squared. 

As  a  final  conclusion  drawn  from  equation  (26),  consider 
the  manner  in  which  the  F/P  ratio  depends  upon  the  static  tire 
force.   Not  only  does  static  tire  force  appear  squared  in  the 
denominator,  but  it  also  appears  squared  under  the  radical 
where  a  fraction  is  subtracted  from  unity.   The  result  is  that 
the  F/P  ratio  is  quite  sensitive  to  change  of  the  static  tire 
force  as  shown  in  Figure  12.   The  important  conclusion  which 
may  be  drawn  is  that  the  static  tire  force  must  remain  the 
same  in  road  tests  as  it  was  in  the  calibration  tests  in  order 
for  the  calibration  constant  F/P  to  be  valid. 

In  this  chapter,  the  theory  which  describes  the  opera- 
tion of  a  basic  type  of  pressure  measuring  system  has  been 
presented.   In  the  next  chapter,  this  theory  will  be  utilized 
in  order  to  design  a  pressure  measuring  system  which  should 
serve  satisfactorily  as  a  direct  dynamic  force  transducer. 
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CHAPTER  III 

DESIGN  OF  A  PRESSURE  MEASURING  SYSTEM  BASED 
ON  THEORETICAL  CONSIDERATIONS 

As  a  first  step  In  the  design  process,  the  desired 
performance  of  the  system  must" be  defined.   Referring  to 
figure  2,  a  perfect  system  would  transmit  instantaneously 
a  signal  to  the  differential  pressure  transducer  that 
would  be  directly  proportional  to  the  applied  dynamic 
force  for  all  frequencies  of  the  dynamic  force.   Another 
way  of  expressing  this  condition  is  to  say  that  the  system 
should  have  a  flat  frequency  resDonse  characteristic  be- 
tween the  dynamic  force  and  the  recorded  pressure  sipnal 
over  the  range  of  frequencies  for  which  the  dynamic  force 
has  appreciable  amplitude.   This  ideal  characteristic  of 
a  constant  ratio  of  dynamic  force  to  pressure  is  illustrated 
as  F/P  in  Figure  13  along  with  an  undesirable  characteris- 
tic that  is  frequency  dependent.   If  this  ideal  character- 
istic is  to  be  approached,  there  can  be  no  resonant  fre- 
quencies of  either  pneumatic  or  mechanical  components 
within  the  range  of  the  exciting  frequencies. 

It  is  important  to  recognize  the  parts  of  the  system 
over  which  there  is  control  and  those  parts  over  which 
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there  is  no  control.   In  terns  of  the  pressure  measuring 
system  shown  in  Figure  2,  control  may  be  exerted  over  the 
parts  of  the  system  which  carry  the  pressure  signal  to 
the  pressure  transducer.   By  changing  the  arrangement 
of  the  components  that  are  mounted  on  the  instrument  board, 
the  lengths  of  tubing  and  the  internal  volume  of  the  pres- 
sure measuring  system  are  changed, which  in  turn  changes 
the  dynamic  characteristics  of  the  pressure  measuring 
system.   The  sizes  of  the  various  components  are  subject 
to  change  including  internal  dimensions  such  as  tube 
diameter  and  diameters  of  restrictions  that  might  be  in- 
troduced within  the  tubes.   The  tire  itself  is  not  a 
parameter  over  which  control  may  be  exerted;  therefore 
the  relationship  betv/een  the  dynamic  force  and  the  dynam- 
ic pressure  change  "p"  within  the  tire  as  shown  in  Figure 
2  is  fixed  for  a  particular  tire  operating  at  a  particular 
inflation  pressure.   The  pressure  measuring-  system  should 
be  designed  to  minimize  any  distortion  of  the  dynamic 
pressure  change  "p"  and  therefore  enable  "p"  to  be  re- 
corded accurately.   If  the  dynamic  pressure  change  "p" 
were  not  proportional  to  the  dynamic  force,  there  is  little 
that  could  be  done  in  the  Interconnecting  pneumatic  system 
to  make  the  output  signal  proportional  to  the  dynamic  force. 
The  theory  available  to  aid  the  design  of  the  pressure 
measuring  system  was  presented  in  the  preceding  chapter  and' 
gives  Information  about  the  dynamic  properties  of  the  pres- 
sure measuring  system  in  terms  of  its  first  two  natural 


53 

frequencies  and  the  damping  ratio  of  the  fundamental  mode  of 
oscillation.   This  information  enables  the  designer  to  control 
the  pressure  measuring  system  in  such  a  way  as  to  minimize 
any  resonant  effects  and  to  select  damping  for  the  system. 

In  order  to  visualize  the  effect  of  the  dynamics  of 
the  pressure  measuring  system  on  the  calibration  factor  F/P, 
consider  the  inverse  of  this  factor  P/F  which  will  be  called 
the  pressure  measuring  system  characteristic.   All  natural 
frequencies  of  the  pressure  measuring  system  will  be  associ- 
ated with  peaks  on  a  P/F  versus  frequency  plot  as  opposed 
to  valleys  on  a  F/P  plot.   A  pressure  measuring  system 
characteristic  P/F  is  shown  in  Figure  1^  and  illustrates 
a  system  in  which  the  fundamental  frequency  of  oscillation 
of  the  pressure  measuring  system  is  within  the  range  of  the 
exciting  frequencies.   It  is  evident  that,  in  this  case, 
large  pressure  signals  can  result  from  force  excitation  in 
the  frequency  range  of  the  fundamental  frequency  of  oscilla- 
tion of  the  pressure  measuring  systen  while  relatively  small 
pressure  signals  can  be  produced  by  the  same  magnitude  of 
force  excitation  In  other  frequency  ranges.   The  pressure 
measuring  system  must  be  designed  to  remove  the  peaks  from 
the  P/F  curve  or  at  least  move  them  out  of  the  range  of 
the  exciting  frequencies  by  making  the  fundamental  fre- 
quency of  oscillation  as  high  as  possible. 

It  Is  desirable  then  to  have'  the  fundamental  fre- 
quency of  this  dynamic  system  as  high  as  possible  for  two 
reasons.   Firstly,  this  freouency  should  te  separated  from 
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the  range  of  frequencies  to  be  measured.   If  this  desired 
separation  of  frequencies  is  possible,  any  spurious  signals 
which  might  arise  because  of  excitation  of  the  fundamental 
frequency  of  the  pressure  measuring  system  may  be  recognized 
as  such  and  even  filtered  out  if  that  is  desired.   (Note 
that  if  the  fundamental  frequency  is  high  enough  to  he 
removed  from  the  range  of  exciting  frequencies,  the  second 
natural  frequency  can  cause  no  trouble).   Secondly,  In  order 
for  the  response  of  the  system  to  be  raoid,  the  frequency 
should  be  high  since  the  time  of  response  (time  to  reach  a 
steady  state  value  after  a  step  disturbance)  is  inversely 
proportional  to  the  frequency. 

Also,  it  is  evident  that  some  damping  must  be  intro- 
duced because  the  pressure  measuring  system  has  very  small 
damping;  and  as  the  fundamental  frequency  is  raised,  the 
damping  decreases  as  illustrated  by  Figure  9. 

Equation  (21),  which  is  Dlotted  in  Figure  7,  indicates 
that  a  decrease  In  the  length  of  tube  L  will  increase  the 
fundamental  frequency  of  oscillation.   Heferring  to  the 
physical  system  shown  in  Figure  3,  this  suggested  reduction 
indicates  that  the  tube  between  valve  number  2  and  the 
rotating  joint  must  be  shortened  as  much  as  possible.   The 
minimum  length  of  this  tube  is  governed  by  the  mounting 
position  of  the  instrument  board  shown  in  Figure  2  and  the 
allowance  which  must  be  made  for  the  vertical  motion  of  the 
wheel. 
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The  volume  Q  also  appears  in  the  denominator  of  equa- 
tion (21)  which  suggests  that  any  reduction  in  this  volume 
will  increase  the  fundamental  frequency.   Visualization  of 
the  system  as  a  lumped  parameter  system  is  particularly 
valuable  in  making  design  decisions  about  the  parallel 
chambers  and  passageways  in  the  vicinity  of  the  differen- 
tial pressure  transducer.   Referring  to  figure  6,  it  may 
be  seen  that  these  parallel  components  may  be  represented 
as  springs  which  have  a  spring  rate  that  is  Inversely  pro- 
portional to  the  volume  of  the  particular  component  as  shown 
by  equation  (15).   Any  decrease  in  these  volumes  increases 
their  spring  constants  which  in  turn  increases  the  fre- 
quency of  the  complete  system.   The  volumes  of  these  com- 
ponents are  summed  in  the  term  Q  in  equation  (21)  which 
explains  the  reason  for  increase  in  frequency  when  Q  is 
reduced.   An  immediate  consequence  of  considering  the  spring 
rate  of  these  parallel  passageways  is  the  conclusion  that 
valve  number  1  should  be  moved  as  close  as  possible  to  the 
mj.li  fitting  leading  to  the  solenoid-operated  valve  in  order 
to  minimize  the  effect  of  this  parallel  volume.   Another 
conclusion  which  may  be  drawn  is  that  the  two  "T"  fittings 
which  lead  to  the  solenoid-operated  valve  and  the  pressure 
transducer  must  be  as  close  together  as  possible  to  reduce 
the  volume  of  this  passageway.   A  more  important  conclusion 
is  the  importance  of  the  relatively  large  internal  volume 
of  the  solenoid-operated  valve.   This  internal  volume  is 
.45  in. 3  which  corresponds  to  an  equivalent  length  of 
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tubing  of  19.3  inches.   By  removinr  this  large  internal 
volume,  the  same  effect  is  realized  as  would  result  if  the 
tube  between  the  rotating  ^olnt  and  valve  number  2  were 
shortened  by  19.3  inches. 

There  are  two  basic  methods  of  reducing  the  effect 
of  the  internal  volume  of  the  solenoid-operated  valve. 
One  method  would  be  to  fill  most  of  the  interior  with  a 
material  in  such  a  manner  that  there  would  not  be  any 
interference  with  moving  parts  of  the  valve.   Another 
method  would  be  to  replace  the  valve  with  a  tube  contain- 
ing a  restriction  that  would  allow  a  controlled  rate  of 
flow.   The  method  which  utilizes  a  small  continuous  flow 
of  air  in  parallel   with  the  differential  pressure  trans- 
ducer in  order  to  equalize  unwanted  pressure  changes  is 
called  the  continuous  equalization  method.   The  method  of 
equalization  used  in  the  pressure  measuring  system  shown 
in  Figure  2  is  called  the  discrete  equalization  method. 
It  was  given  this  name  because  the  solenoid-ooerated  valve 
may  be  opened  for  discrete  time  intervals  to  equalize  the 
pressure  difference  across  the  differential  pressure  trans- 
ducer.  A  comparison  of  these  two  methods  will  be  made  in 
order  to  determine  which  method  would  be  the  more  advan- 
tageous way  to  equalize  the  unwanted  thermal  effects  and 
at  the  same  time  answer  the  equation  about  the  large  in- 
ternal volume  of  the  solenoid-operated  valve. 

One  advantage  of  the  continuous  equalization  method 
has  already  been  mentioned,  that  is,  the  higher  frequency 
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which  is  possible  to  obtain  because  of  the  reduction  of  the 
internal  volume  through  removal  of  the  solenoid-operated 
valve.   Another  advantage  which  is  apparent,  particularly 
during  a  road  test,  is  that  changes  in  tire  pressure  due  to 
temperature  changes  within  the  tire  are  continuously  equal- 
ized and  therefore  complete  temperature  equilibrium  of  the 
system  does  not  have  to  be  established  before  each  test. 
1o  appreciate  this  point,  consider  the  situation  which  would 
occur  during  a  test  in  which  the  solenoid-operated  valve  is 
the'  method  of  equalization.   Assume  that  the  gain  of  the 
amplifiers  has  been  set  so  that  the  largest  variation  in 
pressure  does  not  cause  the  recorder  pen  tc  leave  the  paper 
as  the  vehicle  travels  over  the  test  section  of  pavement. 
The  solenoid-operated  valve  is  actuated  just  before  the 
vehicle  enters  the  test  section;  and  if  the  spring  loaded 
valve  closes  at  the  instant  that  the  pressure  is  close  to 
the  static  pressure  in  the  tire,  the  variations  about  this 
static  pressure  value  are  centered  on  the  recorder  paper 
(if  the  pressure  happens  to  be  at  a  peak  value  at  the 
instant  the  valve  is  closed,  the  valve  must  be  actuated 
again  to  achieve  the  proper  equalization).   If  there  is 
now  any  heating  effect  still  taking  place  within  the  tire, 
the  average  value  of  the  pressure  signal  will  gradually 
increase  until  the  pressure  variations  cause  the  record- 
ing pen  to  move  off  the  paper.   If  temperature  equilibrium 
in  the  tire  has  not  been  carefully  established  before  the 
test  section  was  reached,  the  usual  result  is  that  the  test 
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must  be  repeated  or  the  solenoid-operated  valve  must  be 
actuated  during  the  test.   Equalization  during  the  test  is 
undesirable  because,  in  that  case,  different  sections  of 
the  record  have  different  base  values.   Because  of  the 
time  saved  during  road  tests,  the  continuous  equalization 
method  offers  distinct  advantages  over  the  discrete  equal- 
ization method. 

A  disadvantage  of  the  continuous  equalization  method 
is  that  the  system  will  not  register  a  constant  force  as 
such,  but  the  recording  pen  will  gradually  return  to  the 
equilibrium  position  as  the  pressure  difference  is  equal- 
ized even  though  the  constant  force  is  still  present.   This 
condition  is  not  detrimental  in  making  dynamic  rreasurements, 
but  it  does  not  allow  a  static  calibration  factor  of  F/P 
to  be  measured  unless  a  valve  is  placed  beyond  the  restric- 
tion expressly  for  the  purpose  of  stopping  the  equalization 
process. 

Another  requirement  of  the  continuous  equalization 
method  which  will  not  be  listed  as  a  disadvantage  but  is 
a  definite  limitation  of  the  method,  is  that  the  size  of 
the  restriction  must  be  carefully  chosen.   If  the  equal- 
ization rate  is  too  fast,  the  low  frequencies  which  are 
to  be  recorded  will  be  distorted  by  the  equalization.   If 
the  size  of  the  restriction  Is  too  small  and  accordingly 
the  equalization  rate  is  too  slow,  compensation  for  changes 
in  temperature  during  testing  will  not  be  satisfactory. 
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Of  course,  the  distortion  problem  is  the  more  important 
condition  and  must  therefore  govern  the  design  decision. 
The  maximum  size  of  restriction  must  be  determined  for 
the  individual  vehicle  based  on  its  lowest  frequency  of 
body  motion.   For  example,  the  lowest  frequency  of  body 
motion  for  vehicle  number  210  (a  1962  Chevrolet  sedan) 
was  approximately  one  cps.   To  be  conservative,  a  restric- 
tion was  chosen  so  that  within  one  half  the  period  of  this 
lowest  frequency  oscillation  constant  pressure  difference 
would  be  reduced  less  than  three  percent,   This  equaliza- 
tion rate  is  illustrated  in  Figure  15.   All  other  fre- 
quencies would  be  distorted  less  than  this  value.   This 
rate  of  equalization  was  found  to  be  adequate  to  balance 
the  temperature  effects  even  when  the  pavement  was  at  a 
temperature  of  over  100°F.   An  expression  for  the  rate  of 
equalization  may  be  obtained  by  applying  the  theory  pre- 
sented in  reference  12. 

Another  comparison  which  may  be  made  between  the  two 
methods  is  the  control  which  may  be  exerted  over  the  system 
in  case  of  an  emergency,  such  as  a  tire  puncture.   The 
solenoid-operated  valve  offers  the  advantage  of  immediate 
equalization  if  the  operator  realizes  the  emergency  and 
activates  the  solenoid  to  hold  the  valve  open.   If  the 
operator  does  not  realize  the  situation  in  time,  then 
there  is  a  possibility  of  damage  to  the  differential  pres- 
sure gage  which  is  designed  for  a  maximum  differential 
pressure  of  only  2.5  psi.   In  the  case  of  the  continuous 
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equalization  device,  there  is  no  way  to  completely  open  the 
passageway  across  the  pressure  transducer  from  within  the 
vehicle;  but  the  large  pressure  difference  will  be  equalized 
by  the  flow  of  air  from  the  reference  tank  through  the  re- 
striction.  In  case  of  'rapid  loss  of  air  from  the  tire,  this 
equalization  would  be  too  slow  to  prevent  damage  to  the  trans- 
ducer.  Therefore,  the  system  utilizing  the  solenoid  operated 
valve  has  the  advantage  when  emergency  equalization  is  con- 
sidered. 

To  summarize  this  comparison,  the  advantage  of  ease  of 
operation  under  test  conditions  which  the  continuous  equaliza- 
tion system  offered  outweighed  its  disadvantages  with  the 
result  that  this  method  of  equalization  was  chosen  as  the  one 
to  be  used  in  this  investigation.   Actual  test  experience  with 
the  continuous  equalization  system  justified  this  decision  as 
the  testing  time  was  reduced  by  approximately  one  half  as 
compared  with  similar  tests  using  the  discrete  equalization 
system. 

Another  major  design  decision  was  the  selection  and 
placement  of  a  restriction  in  the  system  in  order  to  damp 
the  fundamental  frequency  of  the  pressure  measuring  system. 
The  first  question  which  had  to  be  answered  was  that  of  the 
proper  size  of  restriction  to  be  used  in  order  to  provide 
the  proper  amount  of  damping.   As  a  first  approximation  to 
the  correct  size  of  restriction  the  curve  showing  the  re- 
lationship between  damping  ratio  and  diameter  from  equation 
(23)  is  shown  in  Figure  16.   For  a  damping  ratio  in  the 
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range  of  .7  to  1.0,  the  restriction  diameter  should  be  in  the 
range  of  .020  inches  to  .017  inches  according  to  Figure  16. 
The  final  diameter  was  chosen  on  the  basis  of  impulsive  tests 
in  which  the  force  and  pressure  records  were  compared  until 
the  most  satisfactory  match  was  obtained  and  the  fundamental 
frequency  did  not  appreciably  distort  the  pressure  record. 

The  second  question  involves  the  placement  of  the  re- 
striction in  the  system.   Just  where  in  the  system  should  the 
flow  be  restricted  in  order  that  the  damping  be  most  effective? 

* 

Equation  (23)  yields  no  information  about  a  placement  of  a 
restriction  (of  course,  it  should  not  be  expected  to  do  that 
since  it  was  derived  for  a  constant  diameter).   Again  the 
approximate  spring  mass  system  which  is  shown  in  Figure  6 
is  valuable.   The  largest  element  of  mass  is  the  length  of 
the  tube  between  valve  number  2  and  the  rotating  Joint.   It 
is  logical  to  put  a  damper  on  the  largest  mass  in  the  system 
for  the  most  effective  damping,  therefore  the  restriction 
should  be  put  in  that  particular  passageway.   Experiments 
showed  that  this  placement  of  the  restriction  was  more  effec- 
tive than  at  other  positions,  in  particular,  much  more  effec- 
tive than  a  restriction  placed  Just  before  the  pressure 
transducer. 

The  final  selection  of  a  restriction  to  provide  ade- 
quate damping  of  the  pressure  measuring  system  may  be  made 
quickly  by  observing  the  effect  of  a  particular  restriction 
when  the  tire  is  excited  by  a  pulse.   Figure  17  illustrates 
the  pressure  measuring  system  response  for  two  Qifferent 


65 


fiHiffi '  M  ■  I 


IMC  A  i    CHARTS  INCORPORATED.  BUFFALl.  NY 


^sjujeWT  L£? 


EE3 


TIME 


No.  RA  2921   SO 


m 


i 


1- 


irf-m 


RESTRICTION  A 


RESTRICTION  B 


FIGURE  17.   RESPONSE  OF  PRESSURE  SIGNAL  TO  IMPULSIVE 
EXCITATION  OF  THE  TIRE  FOR  TWO  DAMPING 
RESTRICTIONS 


66 


restrictions,  restriction  B  providing  more  damping  than 
restriction  A.   These  records,  in  particular  the  lower  one, 
may  be  regarded  as  typical  records  of  a  pressure  measuring 
system  which  is  operating  in  the  desired  manner. 

The  final  design  of  the  instrument  board  components 
of  the  pressure  measuring  system  Incorporating  continuous 
equalization  and  required  damping  is  shown  in  Figure  18. 

In  concluding  the  design  considerations  of  the  pressure 
measuring  system,,  the  possibility  of  mechanical  vibrations 
that  might  excite  the  pressure  measuring  system  was  investi- 
gated. Of  particular  interest  were  those  components  that 
have  natural  frequencies  close  to  the  fundamental  frequency 
of  oscillation  of  the  pressure  measuring  system.   The  de- 
termination of  the  precise  magnitude  of  the  fundamental 
frequency  of  the  pressure  measuring  system,  then,  was  of 
importance.   After  removing  the  restriction  from  the  pres- 
sure measuring  system,  impulsive  excitation  of  the  tire  in- 
flation pressure  revealed  this  fundamental  frequency  as 
shown  in  Figure  19.   The  oscillation  shown  in  Figure  19 
was  caused  only  by  a  rapid  change  in  inflation  pressure  and 
was  not  due  to  any  force  or  motion  of  the  tire  or  any  of  the 
components  of  the  pressure  measuring  system.   The  frequency 
of  this  oscillation  may  be  measured  from  the  oscillograph 

trace  as  69  cps. 

Thus,  for  this  particular  pressure  measuring  system, 
mechanical  vibrations  with  frequencies  near  69  cps  may 
cause  oscillations  of  the  pressure  measuring  system. 
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The  components  which  could  be  suspected  of  having  natural 
frequencies  near  this  value  are  the  tubes,  the  instrument 
board,  and  the  rotating  Joint.   Mechanical  vibration  of  the 
tubes  is  a  problem  that  was  solved  by  the  investigators  at 
Michigan  State  Highway  Department.   They  found  that  copper 
tubing  could  not  be  used  because  of  the  induced  oscillations, 
but  that  polyethylene  tubing  was  essentially  vibration  free 
because  of  its  high  damping  qualities. 

The  instrument  board  was  made  out  of  fiber  board 
which  has  high  damping  qualities  and  was  mounted  rigidly 
to  the  automobile  body  in  order  to  minimize  vibrational 
amplitudes  by  forcing  the  frequency  of  any  oscillations  to 
a  very  high  value.   There  were  no  indications  from  experi- 
mental work  that  any  oscillations  were  induced  into  the 
pressure  measuring  system  from  the  instrument  board. 

The  component  most  likely  to  be  suspected  of  rela- 
tively low  frequency  mechanical  vibrations  is  the  rotating 
Joint  and  its  associated  mounting.   As  shown  in  Figure  2, 
the  rotating  Joint  was  mounted  on  three  turnbuckles  which 
were  attached  to  the  rim  of  the  test  wheel.   The  center  of 
gravity  of  the  rotating  Joint  was  approximately  two  inches 
away  from  the  plane  of  the  turnbuckles,  a  construction  that 
enabled  the  axis  of  the  rotating  Joint  to  turn  through  an 
angle  for  any  loading  through  the  center  of  gravity.   Since 
the  rotating  Joint  is  in  an  acceleration  field  caused  by 
the  motion  of  the  wheel,  there  is  an  inertia  loading  through 
the  center  of  gravity  of  the  Joint  under  pavement  testing 
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conditions.   The  turnbuckles  afford  a  path  for  vibrations 
to  be  transmitted  into  the  rim  of  the  wheel  and  thereby  into 
the  sidewall  of  the  tire  which  in  turn  could  excite  the  pres- 
sure measuring  system. 

The  natural  frequency  of  the  rotating  Joint  could  have 
been  predicted  by  vibration  theory,  but  the  analysis  would 
hardly  have  been  worth  the  effort  if  the  mounting  of  the 
rotating  Joint  had  to  be  changed  in  order  to  eliminate  the 
possibility  of  vibration  transmission  to  the  pressure  measur- 
ing system.   As  in  many  cases  which  involve  vibrations  of 
complex  physical  systems,  an  experimental  approach  was  the 
most  expedient  method  of  accurately  determining  the  natural 
frequency  of  the  rotating  Joint  as  well  as  the  natural  fre- 
quencies of  other  components  of  the  system. 

An  accelerometer  was  mounted  on  the  rotating  Joint,  the 
Joint  was  struck  a  sharp  blow,  and  the  resulting  oscillations 
recorded  as  shown  in  Figure  20.   The  frequency  of  the  oscil- 
lations of  the  rotating  Joint  and  accelerometer  was  68.5  cps 
and  the  forced  oscillation  of  the  pressure  measuring  system 
was  virtually  identical  at  68.0  cps  as  measured  from  Figure 
20.   It" is  important  to  note  the  very  light  damping  associated 
with  the  mechanical  vibration,  a  condition  that  is  certainly 
detrimental.   There  was  no  damping  introduced  into  the  pres- 
sure measuring  system  for  this  test.   The  frequency  of  oscil- 
lation of  the  rotating  Joint  under  these  test  conditions  is 
almost  identical  to  the  fundamental  frequency  of  the  pressure 
measuring  system  which  is  the  worst  possible  condition  that 
might  arise. 
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In  order  to  determine  the  effectiveness  of  the  damping 
of  the  pressure  measuring  system  and  to  test  the  system  under 
more  realistic  conditions,  a  force  impulse  was  applied  to 
the  tire  and  the  resulting  force  and  pressure  variations 
recorded  as  shown  In  Figure  21.   A  beating  phenomenon  is 
apparent  in  the  pressure  trace  indicating  that  the  pressure 
measuring  system  is  responding  to  a  frequency  that  is  close 
to  its  own  fundamental  frequency.   Since  the  pressure  signal 
is  still  oscillating  after  the  force  has  decreased  to  zero, 
it  is  apparent  that  the  force  on  the  tire  is  not  sustaining 
the  pressure  oscillation. 

The  beat  frequency  calculated  from  Figure  21  is  four 
cycles  per  second.   Using  the  theory  of  coupled  vibrations, 
this  value  of  four  cycles  per  second  is  the  difference  be- 
tween the  two  natural  frequencies  of  the  rotating  Joint  and 
the  pressure  measuring  system.   Figures  19  and  20  indicate, 
however,  that  the  difference  between  the  two  frequencies  is 
not  as  much  as  four  cycles  per  second.   The  additional  mass 
of  the  accelerometer  mounted  on  the  rotating  joint  during 
the  test,  for  which  the  results  are  shown  in  Figure  20, 
evidently  lowered  the  natural  frequency  of  the  mechanical 
vibration  of  the  rotating  Joint  to  the  magnitude  of  68  cps 
which  was  computed  from  Figure  20.   Figure  22  substantiates 
this  assumption  by  Indicating  that  the  natural  frequency 
of  the  rotating  Joint  is  approximately  72.5  cps.   The  upper 
trace  of  Figure  22  shows  the  oscillation  of  the  rim  of  the 
wheel  after  impulsive  excitation  of  the  tire.   The  lower 
trace  shows  the  response  of  the  pressure  measuring  system. 
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Both  of  these  oscillations  are  at  a  frequency  of  72.5  cps 
and  are  the  result  of  the  oscillation  of  the  rotating  joint 
which  must  be  oscillating  at  its  own  natural  frequency.   The 
conclusion  is  that  the  rotating  joint  natural  frequency  is 
72.5  cps  which  is  approximately  four  cycles  per  second  above 
the  fundamental  frequency  of  the  pressure  measuring  system. 

In  order  to  determine  if  the  rim  of  the  wheel  can 
magnify  the  oscillations  of  the  rotating  joint,  the  response 
of  the  rim  to  an  impulsive  blow  was  measured  and  shown  in 
Figure  23.   An  accelerometer  was  mounted  on  the  rim  to  measure 
this  oscillation  which  has  a  small  amplitude  of  displacement. 
The  rim  responded  with  a  frequency  of  oscillation  of  1^5  cps 
which  indicated  that  rim  vibration  was  not  a  source  of  magni- 
fication.  The  response  of  the  pressure  measuring  system  is 
also  shown  in  Figure  23.   It  is  interesting  to  note  that  the 
frequency  of  this  response  is  230  cps,  which  is  approximately 
three  times  the  fundamental  frequency  of  69  cps.   The  factor 
of  three  Is  worthy  of  note  because  it  is  the  ratio  of  the 
second  natural  frequency  to  the  first  (or  fundamental)  for 
fluid  in  a  tube  which  has  one  open  end  and  one  closed  end. 
Therefore,  the  mathematical  model  which  was  developed  in 
Chapter  II  to  predict  the  fundamental  frequency  is  able  to 
predict  approximately  the  second  natural  frequency  of  the 
pressure  measuring  system. 

To  summarize  the  results  of  this  investigation,  the 
vibration  will  be  traced  through  the  system.   The  source 
of  the  mechanical  vibration  was  the  rotating  Joint  oscil- 
lating on  its  mounting.   This  vibration  was  transmitted 
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through  the  turnbuckles  to  the  rim  of  the  tire  which  in  turn 
excited  the  sidewall  of  the  tire.   The  sidewall  vibration 
caused  the  air  within  the  tire  to  pick  up  the  oscillation  and 
transmit  it  to  the  pressure  measuring  system.   The  pressure 
measuring  system,  which  has  its  fundamental  frequency  very 
close  to  this  frequency,  was  very  receptive  to  this  frequency 
even  though  the  system  is  heavily  damped.   As  Figure  20  shows, 
the  mechanical  vibration  of  the  rotating  Joint  has  very  little 
damping  which  accounts  for  the  apparent  lack  of  damping  in 
the  pressure  measuring  system  that  was  illustrated  by  Figure 
21.   Referring  to  Figure  21  again,  the  beating  of  the  pressure 
signal  may  be  explained  by  the  excitation  of  the  sustained 
mechanical  vibration  of  the  rotating  Joint  at  a  frequency 
which  was  very  close  to  the  fundamental  frequency  of  the 
pressure  measuring  system.   The  combination  of  these  two 
oscillations  within  the  pressure  measuring  system  resulted 
in  the  beating  which  is  characteristic  of  the  sum  of  two 
harmonic  motions. 

It  is  apparent  that  a  mechanical  vibration  of  the 
rotating  Joint  in  resonance  with  the  fundamental  frequency 
of  the  pressure  measuring  system  cannot  be  tolerated.   The 
pressure  signal  will  always  be  corrupted  with  this  super- 
imposed oscillation  not  only  during  road  tests  but  also 
during  calibration  tests  of  the  pressure  measuring  system. 
There  are  two  feasible  ways  to  separate  these  frequencies 
In  order  to  get  them  out  of  resonance  with  each  other.   One 
method  involves  lowering  the  fundamental  frequency  of  the 
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pressure  measuring  system  and  the  other  involves  raising  the 
frequency  of  the  mechanical  vibration  of  the  rotating  joint. 
Since  much  effort  has  been  exerted  to  raise  the  fundamental 
frequency  of  the  pressure  measuring  system  to  its  present 
value,  it  is  obvious  that  the  second  suggestion  is  the  one 
which  should  be  followed. 

One  of  the  principal  disadvantages  of  the  mounting  of 
the  rotating  Joint  was  that  the  turnbuckles  which  were  at- 
tached to  the  rim  provided  a  path  which  enabled  the  joint 
vibrations  to  feed  into  the  rim  and  sidewall  of  the  tire. 
Instead  of  making  the  mounting  stiffer  by  using  larger  turn- 
buckles,  which  would  still  allow  vibrations  to  be  transmitted 
to  the  tire,  a  new  design  was  developed  which  eliminated  the 
connection  at  the  rim.   This  design  enabled  the  rotating 
Joint  to  be  mounted  directly  to  the  wheel  studs,  thereby 
removing  the  path  by  which  vibration  might  be  transmitted 
to  the  rim.   This  mounting  was  constructed  of  aluminum  alloy 
tubing  and  plexiglas  in  order  that  it  would  be  light  and 
stiff  so  as  to  have  a  high  natural  frequency.   The  subse- 
quent tests  with  this  mounting  showed  no  distortion  from 
mechanical  vibration.   For  comparison,  records  of  identical 
tests  are  shown  in  Figure  2*4 ,  one  with  the  turnbuckle  mount- 
ing and  one  with  the  wheel  stud  mounting.   The  effect  of  the 
mechanical  vibration  is  apparent  in  the  record  for  the  turn- 
buckle  mounting. 

In  summary,  it  is  appropriate  to  point  out  that  all 
frequencies  of  mechanical  vibration  of  the  components  must 
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FIGURE  21.   ILLUSTRATION  OF  THE  REMOVAL  OF  MECHANICAL 
VIBRATION  EFFECTS  FROM  THE  PRESSURE  SIGNAL 
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be  separated  from  the  fundamental  frequency  of  oscillation  of 
the  pressure  measuring  system  in  order  to  keep  the  pressure 
recording  free  from  spurious  signals  arising  from  these  vibra- 
tions.  Because  of  the  acceleration  environment  in  which  this 
equipment  has  to  operate,  it  is  imperative  that  all  sources 
of  vibration  be  eliminated  which  might  cause  erroneous  signals 
to  be  present  in  the  record. 

Up  to  this  point,  the  discussion  has  been  concerned  with 
the  removal  of  the  dynamic  effects  of  the  pneumatic  and  me- 
chanical components  of  the  pressure  measuring  system  in  order 
that  an  accurate  measurement  of  the  dynamic  pressure  variations 
in  the  tire  would  be  possible.  The  next  step  is  the  calibra- 
tion of  the  pressure  measuring  system  which  is  the  determina- 
tion of  the  relationship  between  dynamic  force  and  pressure. 
These  calibration  methods  and  results  are  considered  in  the 
next  chapter. 


81 


CHAPTER  IV 
CALIBRATION  OF  A  PRESSURE  MEASURING  SYSTEM 

If  a  pressure  measuring  system  is  to  be  used  -success- 
fully as  a  method  for  measuring  dynamic  force,  the  calibra- 
tion method  must  be  chosen  carefully  and  the  calibration 
tests  executed  precisely.   The  methods  of  calibration  that 
may  be  selected  in  order  to  determine  the  relationship  be- 
tween the  tire  pressure  measurement  and  the  dynamic  force 
applied  to  the  tire  will  be  considered  now. 

In  general,  a  pressure  measuring  system  may  be  cali- 
brated either  statically  or  dynamically.   In  one  static 
calibration  method  that  may  be  utilized,  an  Increasing 
force  is  applied  to  the  tire  by  loading  the  vehicle  and 
then  the  load  increase  and  the  corresponding  pressure  in- 
crease are  recorded-.   The  ratio  of  the  load  change  to  the 
pressure  change  is  then  taken  as  an  F/P  calibration  factor 
to  be  applied  to  pressure  measurements  that  are  made  during 
road  tests.   The  principal  objection  which  must  be  raised 
to  static  testing  is  that  there  is  no  way  for  the  dynamic 
properties  of  the  pressure  measuring  system  to  be  identified, 
In  fact,  it  Is  possible  for  a  pressure  measuring  system  that 
has  an  "ideal"  perfectly  linear  static  calibration  curve  to 
exhibit  wildly  erratic  results  under  dynamic  conditions 
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because  a  resonant  condition  nas  been  excited  within  the 
system.   The  amount  of  damping  associated  with  the  natural 
frequencies  of  the  pressure  measuring  system  may  not  be 
determined  easily  without  dynamic  tests.   In  addition, 
mechanical  vibrations  which  might  excite  the  pressure 
measuring  system  during  pavement  testing  cannot  be  easily 
recognized  without  dynamic  testing. 

In  general,  there  are  two  methods  of  dynamic  cali- 
bration that  are  available  for  obtaining  the  relationship 
between  dynamic  force  and  dynamic  pressure:   one  method 
Involves  using  steady  state  sinusoidal  tests  and  the  other 
method  involves  using  transient  tests.   Of  the  sinusoidal 
tests,  there  are  two  principal  test  procedures,  each  re- 
quiring somewhat  different  equipment.   In  one  method  which 
utilizes  excitation  at  the  wheel,  the  test  tire  is  dis- 
placed with  sinusoidal  motion  while  force  at  the  tire  tread 
and  pressure  are  simultaneously  recorded.   The  most  trouble- 
some problem  associated  with  this  calibration  method  is  the 
selection  of  displacement  amplitudes.   If  a  constant  input 
displacement  is  selected  and  the  amplitude  of  displacement 
chosen  in  order  to  obtain  a  relatively  large  force  ampli- 
tude for  the  low  frequencies,  the  tire  is  likely  to  lose 
contact  with  the  force  measuring  platform  when  the  wheel- 
hop  frequency  is  attained.   The  net  result  is  that  the 
amplitudes  of  the  Input  displacement  must  be  decreased  with 
increasing  frequencies  because  tne  forces  that  are  generated 
are  proportional  to  tne  square  of  the  frequency. 
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What  criteria  then  should  be  used  for  selecting  the  amplitude 
or  displacement?   Should  the  displacement  amplitude  be  selected 
so  that  the  forces  are  always  in  a  range  corresponding  to  the 
dynamic  force  range  on  an  "average"  highway?   Should  the  dis- 
placement amplitude  be  selected  to  produce  force  amplitudes 
which  approximate  the  force  amplitudes  that  are  generated 
within  each  corresponding  frequency  band  for  "average"  high- 
way testing  conditions?   Should  the  displacement  amplitudes 
be  selected  on  the  basis  of  the  displacement  amplitudes  ob- 
tained from  harmonic  analysis  of  a  "typical"  highway?  For 
each  question  above,  a  different  displacement  amplitude 
versus  frequency  relationship  could  be  selected.   As  equa- 
tion (26)  indicates  (see  Figure  10),  the  F/P  calibration 
factor  is  amplitude  dependent  to  a  certain  extent.   To  mini- 
mize the  effect  of  this  nonlinearity,  calibration  conditions 
must  be  as  near  the  operating  conditions  as  possible.   But 
how  can  a  single  amplitude  at  a  single  frequency  be  made  to 
correspond  to  a  multitude  of  superimposed  frequencies  which 
exist  under  actual  highway  test  conditions?   It  is  apparent 
that  the  answers  to  these  questions  are  not  obvious.   No  one 
criterion  for  selecting  amplitudes  has  been  found  that  will 
satisfy  all  the  requirements  for  a  "perfect"  calibration  test. 

Another  method  of  steady  state  sinusoidal  testing 
utilizes  a  mechanical  oscillator  which  is  mounted  in  the 
back  of  the  vehicle.  This  oscillator  applies  a  vertical 
force  to  the  vehicle  which  sets  the  vehicle  in  motion  at 
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the  frequency  of*  excitation.   The  force  that  is  generated  at 
the  tire  is  measured  by  an  electronic  scale,  and  the  correspond- 
ing pressure  is  recorded  by  the  pressure  measuring  system.   The 
problem  again  arises  as  to  what  amplitude  of  unbalanced  force 
should  be  applied  in  order  to  best  simulate  the  amplitude- 
frequency  relationship  which  exists  under  actual  highway  test 
conditions.   Again  a  criterion  which  is  all  encompassing  is  not 
available. 

In  tests  of  this  type  where  the  oscillator  occupies  a 
large  portion  of  the  bed  of  the  vehicle,  it  Is  important  tnat 
the  correct  amount  of  -additional  load  be  piacea  on  the  vehicle 
during  calibration  tests  in  order  that  the  static  tire  force 
at  the  test  tire  be  identical  during  calibration  and  subse- 
quent highway  tests.   Figure  12  illustrates  the  change  of 
calibration  factor  that  occurs  when  the  static  tire  force  is 
changed  and  therefore  indicates  the  need  for  constant  static 
tire  force.   Investigators  who  have  used  this  method  also 
have  reported  difficulty  in  applying  frequencies  any  greater 
than  12  cps  because  of  the  suspension  characteristics  of  the 
vehicle,   Since  the  wheelhop  frequency  for  many  vehicles  Is 
above  this  value,  the  calibration  factor  cannot  be  measured 
at  one  of  the  resonant  frequencies,  of  oscillation  of  the 
vehicle.   It  Is  possible  that  the  fundamental  frequency  of 
the  pressure  measuring  system  could  be  close  to  the  wheelhop 
frequency  which  could  cause  extremely  large  pressure  variations 
whenever  the  wheelhop  frequency  was  excited  by  the  dynamic 
force.   The  result  would  be  that  much  larger  forces  would  be 
indicated  by  the  pressure  measuring  system  than  are  actually 
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being  applied.   One  requirement,  then,  for  an  adequate  cali- 
bration method  is  that  it  be  able  to  excite  the  range  of  fre- 
quencies that  Includes  all  of  the  natural  frequencies  of  the 
vehicle. 

Just  as  in  the  case  of  the  steady  state  tests,  there 
are  two  basic  transient  testing  methods.   In  one  method,  an 
impulse  is  applied  to  the  vehicle  and  in  the  other  method, 
an  Impulse  is  applied  to  the  tire.   A  method  of  applying  an 
impulse  to  the  vehicle  is  that  of  dropping  a  weight  Into  the 
bed  of  the  vehicle  and  then  recording  the  subsequent  force 
and  pressure  variations.  The  force  is  measured  by  an  elec- 
tronic scale  on  which  the  test  tire  is  resting. 

There  are  two  ways  of  applying  impulsive  excitation 
to  the  tire.   The  first  method  that  will  be  mentioned  makes 
use  of  the  standard  electronic  scale  for  measuring  weights 
of  vehicles.   A  hydraulic  Jack  with  a  collapsing  base  Is 
used  to  enable  the  load  which  the  jack  is  supporting  to  be 
released  rapidly.  The  procedure  is  as  follows:   the  jack 
and  collapsing  mount  are  placed  under  the  axle  of  the  vehicle 
and  a  portion  of  the  static  tire  force  is  removed  by  raising 
the  axle  a  small  distance.   The  Jack  mounting  is  then  col- 
lapsed, causing  the  vehicle  to  undergo  a  transient  oscilla- 
tion which  in  turn  excites  the  pressure  measuring  system  and 
the  electronic  scale  that  is  under  the  tire. 

The  second  method  of  exciting  the  tire  makes  use  of 
a  specially  designed  electronic  scale  on  which  the  test  wheel 
rests.   This  scale  was  designed  so  that  it  can  give  various 
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impulsive  displacements  to  the  test  tire.  As  the  test  tire 
receives  the  Impulsive  displacements,  the  dynamic  force  and 
pressure  measurements  are  recorded.  A  harmonic  analysis  of 
these  transient  records  of  force  and  pressure  converts  the 
measurements  from  the  time  domain  Into  the  frequency  domain 
where  the  ratio  of  dynamic  force  to  dynamic  pressure  yields 
the  calibration  factor  b'/P  as  a  function  of  frequency.  This 
latter  method  of  calibration  was  used  In  this  investigation. 

The  method  of  calibration  by  using  transient  excitation 
is  not  without  problems,  however.   Just  as  the  steady  state 
calibration  method  raised  unanswered  questions  about  the 
amplitudes  of  the  harmonic  motion,  the  transient  method  raises 
the  question  of  the  form  of  the  impulsive  excitation.   In 
theory  a  step  input  of  displacement  would  excite  all  fre- 
quencies of  the  system  and  therefore  should  be  Ideal  to 
define  the  dynamic  characteristics  of  the  pressure  measuring 
system  throughout  the  complete  frequency  range.   However,  in 
practice,  the  result  of  applying  an  approximate  step  function 
of  displacement  to  the  tire  is  that  there  is  insufficient 
amplitude  within  certain  frequency  ranges  of  the  pressure 
and  force  response.   If  the  frequency  content  of  the  pressure 
and  force  records  is  low  in  a  particular  frequency  range, 
the  determination  of  the  transfer  function  F/P  within  that 
range  is  subject  to  error  because  the  ratio  of  the  small 
amplitudes  is  sensitive  to  very  small  variations  in  force 
or  pressure.   Although  the  approximate  step  excitation  is 
deficient,  particularly  in  the  low  frequency  range,  it  has 
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the  advantage  that  the  high  frequency  range  may  be  readily 
excited.   This  high  frequency  range  Includes  the  wheelhop 
frequency  and  may  Include  the  fundamental  frequency  of  the 
pressure  measuring  system.   The  performance  of  the  pressure 
measuring  system  then  may  be  accurately  evaluated  in  this 
critical  frequency  range.   In  order  to  excite  the  low  fre- 
quency ranges,  an  approximate  sine  pulse  displacement  is 
more  suitable  than  the  approximate  step  because  of  the 
higher  amplitudes  present  in  the  low  frequency  ranges.   The 
period  of  the  pulse  required  to  excite  the  low  frequency 
ranges  depends  upon  the  lowest  natural  frequency  of  the 
vehicle.   Therefore,  a  pulse  that  would  properly  excite  the 
low  frequency  range  of  one  vehicle  might  not  be  satisfactory 
to  use  with  another  vehicle. 

To  excite  the  complete  frequency  range  of  importance  , 
to  the  pressure  measuring  system,  a  shaped  pulse  may  be 
required.   Of  course,  the  shape  of  the  pulse  would  depend 
upon  the  characteristics  of  the  vehicle  being  tested.   It 
may  be  possible  to  shape  the  pulse  in  such  a  manner  that 
the  amplitude  distribution  of  the  pulse  would  be  similar 
to  that  encountered  on  the  highway.   Preliminary  work  with 
a  passenger  vehicle  indicates  that  the  use  of  a  shaped 
pulse  is  promising  and  therefore  continued  study  is  being 
undertaken  to  apply  this  method  to  a  range  of  larger  ve- 
hicles. 

The  amount  of  damping  present  in  a  pressure  measuring 
system  radically  affects  the  calibration  factor  of  the  system. 
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To  illustrate  this  effect,  consider  Figure  25  where  both  the 
calibration  relationship  F/P  and  its  Inverse  P/F,  the  pressure 
measuring  system  characteristic,  are  shown.   The  solid  line 
represents  a  pressure  measuring  system  that  contains  no  re- 
striction to  damp  its  fundamental  frequency  of  oscillation. 
Note  the  peak  of  the  pressure  measuring  system  characteristic 
that  occurs  at  the  fundamental  frequency  and  the  correspond- 
ing dip  of  the  calibration  relationship.   The  dashed  line 
indicates  the  effect  of  introducing  damping  into  the  system 
by  the  addition  of  a  damping  restriction.   The  addition  of 
damping  into  the  system  cannot  produce  the  "ideal"  straight- 
line  F/P  relationship  because  of  the  nonlinearitles  of  the 
system,  but  a  definite  improvement  of  the  calibration  re- 
lationship is  realized.   Figure  26  illustrates  a  time  domain 
description  of  the  effect  of  insufficient  damping  of  the 
pressure  measuring  system.   The  oscillations  that  appear  in 
the  pressure  record  but  do  not  appear  in  the  force  record 
are  due  to  the  excitation  of  the  fundamental  frequency  of 
oscillation  of  the  pressure  measuring  system.   The  fre- 
quency analysis  of  records  such  as  these  yields  the  curves 
for  insufficient  damping  shown  in  Figure  25. 

If  a  pressure  measuring  system  that  has  insufficient 
damping  is  used  for  highway  tests,  the  pressure  signal  will 
be  distorted  in  the  same  manner  that  the  calibration  pressure 
record  shown  in  Figure  26  was  distorted.   A  spectral  analysis 
of  pressure  measurements  taken  with  such  a  system  gives  an 
indication  of  the  amount  of  power  associated  with  oscillations 
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FIGURE  25.   EFFECT  OF  DAMPING  ON  CALIBRATION  RELATIONSHIP 


90 


\X.\lW 


FIGURE  26.   IMPULSIVE  CALIBRATION  TEST  FOR  A  PRESSURE 
MEASURING  SYSTEM  WITH  INSUFFICIENT  DAMPING 
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of  the  pressure  measuring  system  as  well  as  the  power  associated 
with  the  natural  frequencies  of  the  vehicle. 

Power  spectral  density  functions  of  pressure  measurements 
are  shown  in  Figures  27  and  28  where  Figure  27  illustrates 
insufficient  damping  of  the  pressure  measuring  system  and 
Figure  28  illustrates  sufficient  damping.   Note  the  peak  at 
35  cps  that  appears  in  Figure  27  but  does  not  appear  in 
Figure  28.   This  peak  represents  the  effect  of  the  insuffi- 
cient damping  of  the  pressure  measuring  system  in  introducing 
pressure  signals  that  are  not  representative  of  the  dynamic 
force  on  the  road.   An  even  more  subtle  effect  of  insufficient 
damping  of  the  pressure  measuring  system  occurs  if  the  fun- 
damental frequency  of  the  pressure  measuring  system  is  higher 
than  the  frequency  range  used  in  the  spectral  analysis  (in 
this  case,  for  frequencies  greater  than  k5   cps).   Pressure 
amplitudes  above  this  frequency  range  are  not  ignored  but 
are  aliased  back  into  the  lower  frequency  ranges.   It  is 
apparent  from  the  examples  Just  considered  that  proper  damp- 
ing of  the  pressure  measuring  system  Is  extremely  important 
if  the  pressure  measuring  system  is  to  be  used  effectively 
as  a  device  to  indicate  dynamic  force. 

Considering  Figure  25,  it  is  apparent  that  damping 
is  an  important  factor  in  making  the  calibration  relation- 
ship less  frequency  dependent;  however,  the  ideal  flat 
characteristic  has  yet  to  be  attained.   With  a  relatively 
flat  calibration  relationship  as  shown  in  Figure  25,  the 
question  arises  as  to  the  effect  of  using  a  single  average 
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FIGURE  28.   SPECTRAL  ANALYSIS  OF  PRESSURE  MEASURING  SYSTEM 
RESPONSE  TO  HIGHWAY  PROFILE  (SUFFICIENT  DAMP- 
ING) 
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calibration  factor  estimated  from  the  calibration  relationship. 
Is  this  calibration  relationship  flat  enough  so  that  an  average 
factor  applied  to  the  pressure  signal  will  give  an  accurate 
estimate  of  the  dynamic  force? 

Not  only  does  the  problem  of  determining  the  proper 
calibration  relationship  exist,  but  there  is  also  the  problem 
of  determining  the  overall  accuracy  of  the  system.   In  other 
words,  how  accurately  can  the  dynamic  force  be  measured?  The 
following  examples  may  serve  to  indicate  the  accuracy  of  the 
instrument  as  a  direct  force  transducer. 

Consider  the  time  domain  comparison  of  the  force  and 
pressure  records  taken  from  a  calibration  test  as  shown  in 
Figure  29.   The  upper  trace  is  the  actual  force  measured  at 
the  tire  tread,  and  the  lower  trace  is  the  signal  from  the 
pressure  measuring  system.   Superimposed  on  the  force  trace 
is  the  product  of  a  single  average  calibration  factor  F/P 
and  the  pressure  trace  shown  in  the  lower  trace.   Therefore, 
this  dashed  curve,  which  is  the  predicted  force,  may  be 
compared  directly  with  the  measured  force.   The  percent 
difference  of  the  predicted  force  and  the  measured  force 
calculated  at  the  first  positive  peak  is  six  percent.   The 
time  lag  of  the  pressure  signal  behind  the  force  signal  at 
the  first  negative  peak  is  .011  seconds.   To  visualize  the 
magnitude  of  this  time  lag,  consider  that  a  vehicle  moving 
at  a  speed  of  60  miles  per  hour  travels  approximately  one 
foot  during  the  time  required  for  the  signal  to  travel 
from  the  tire  surface  to  the  differential  pressure  gage. 
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FIGURE  29.   REPRODUCTION  OF  A  FORCE  RECORD  BY  USING 
A  SINGLE  CALIBRATION  FACTOR. 


96 

Another  indication  of  the  effect  of  using  an  average 
calibration  factor  may  be  made  by  comparing  the  use  of  an 
average  F/P  ratio  with  the  use  of  the  frequency  dependent 
calibration  relationship.   The  calibration  relationship  may 
be  applied  to  pressure  measurements  taken  from  highway  tests 
by  transforming  the  pressure  versus  time  records  into  the 
frequency  domain,  operating  on  the  resulting  pressure  versus 
frequency  record  by  the  calibration  relationship  [F/P(f)],  and 
then  transforming  the  result  back  into  the  time  domain  to 
get  the  dynamic  force  versus  time  record.   This  comparison  is 
made  in  Figure  30  where  the  solid  curve  is  the  dynamic  force 
relationship  obtained  by  a  transformation  into  the  frequency 
domain,  and  the  dashed  curve  is  the  force  record  calculated  by 
a  linear  transformation  in  the  time  domain  using  a  single 
calibration  factor.   In  this  case,  the  percent  difference 
between  the  two  curves  at  the  maximum  force  magnitude  is 
two  percent.   The  lag  of  the  dashed  curve  relative  to  the 
solid  curve  is  approximately  constant  at  .008  seconds  which 
corresponds  to  a  distance  of  0.7  feet  at  60  mph. 

Another  method  by  which  the  calibration  relationship 
and  the  single  calibration  factor  may  be  compared  is  by 
using  each  to  convert  a  tire  pressure  power  spectrum  into  a 
dynamic  force  power  spectrum.   In  Figure  31,  a  force  power 
spectrum  (solid  curve)  has  been  derived  from  the  pressure 
power  spectrum  shown  in  Figure  28  by  multiplying  the  or- 
dinates  of  the  pressure  power  spectrum  by  the  square  of 
the  calibration  relationship  for  each  frequency  band.   The 
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dashed  curve  is  an  estimate  of  the  force  power  spectrum 
obtained  by  converting  an  approximate  force  versus  time 
record  into  the  frequency  domain  by  making  a  spectral  analy- 
sis.  The  effect  of  using  the  single  calibration  factor 
should  be  noted  particularly  in  the  two  principal  frequency 
ranges  which  correspond  to  the  body  motion  and  to  the  wheel- 
hop  natural  frequencies  of  the  vehicle.   The  use  of  the 
single  calibration  factor  magnifies  the  force  amplitudes 
in  the  body  motion  frequency  range  and  attenuates  the  force 
amplitudes  in  the  wheelhop  frequency  range.   The  percent 
difference  in  the  root  mean  square  dynamic  force  (which 
is  the  square  root  of  the  area  under  the  power  spectral 
density  function)  is  6.5  percent.   The  use  of  the  single 
calibration  factor  resulted  in  over  estimating  the  RMS  force 
by  6.5  percent  as  compared  with  the  use  of  the  complete 
calibration  relationship. 

The  foregoing  discussion  has  been  concerned  with  the 
calibration  of  a  pressure  measuring  system  for  an  automobile 
tire  that  is  operating  within  the  rated  pressure  range.   The 
question  arises  as  to  the  use  of  this  same  system  at  inflation 
pressures  other  than  the  design  pressure  of  the  tire.   The 
P/P  ratio  will  increase  with  higher  inflation  pressures  as 
indicated  in  Figure  10.   The  question  as  to  the  shape  of  the 
curve  of  the  F/P  relationship  versus  frequency  for  different 
pressures  can  best  be  determined  experimentally. 

In  order  to  answer  the  question  concerning  the  effect  of 
Inflation  pressure  on  the  calibration  relationship,  a  series 
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of  tests  was  run  for  Inflation  pressures  of  20,  30,  40, 
and  50  psl  for  an  automobile  tire  that  had  a  recommended 
cold  inflation  pressure  of  2k   psi.   The  results  of  these 
tests  are  shown  In  Figure  32.   It  is  apparent  that  as  in- 
flation pressure  increases  above  the  recommended  pressure, 
the  calibration  relationship  becomes  more  frequency  depen- 
dent.  The  use  of  a  single  calibration  factor  for  these 
higher  pressures  is  increasingly  inaccurate  as  the  pressure 
increases.   It  Is  thus  recommended  that  the  frequency  domain 
transformation  of  pressure  data  by  using  the  calibration 
relationship  be  used  in  calculating  dynamic  force  from 
pressure  measurements  for  inflation  pressures  appreciably 
above  the  manufacturer's  recommended  tire  inflation  pres- 
sure. 

It  is  thus  evident  that  the  design  of  a  pressure 
measuring  system  can  have  an  appreciable  effect  upon  the 
calibration  relationship  of  the  system.   With  careful 
selection  of  the  parameters  of  the  system,  the  calibration 
relationship  may  be  made  flat  enough  so  that  a  single  cali- 
bration factor  may  be  applied  to  the  pressure  measurements 
without  the  introduction  of  excessive  error.   Therefore,  the 
pressure  measuring  system  may  serve  as  a  direct  force  trans- 
ducer providing  the  inflation  pressure  of  the  tire  is  close 
to  the  rated  value. 

However,  the  ideal  flat  calibration  relationship  has 
not  been  attained.   This  Ideal  relationship  is  extremely 
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difficult  to  obtain,  particularly  because  of  the  non-linear 
behavior  of  the  tire.   Even  the  approximate  relationship  for 
F/P  shown  in  Figure  10  predicts  that  the  pressure  signal  will 
be  amplitude  dependent,  a  phenomenon  that  has  been  observed 
experimentally.   In  order  to  partially  account  for  these  non- 
linear effects,  an  average  calibration  relationship  may  be 
obtained  from  a  series  of  calibration  tests  utilizing  different 
impulsive  excitation.  This  average  calibration  relationship 
can  be  applied  in  the  frequency  domain  to  the  pressure  measure- 
ments in  order  to  convert  them  to  dynamic  force  measurements. 

The  calibration  techniques  which  were  employed  to  de- 
termine the  pressure  measuring  system  characteristics  for  the 
passenger  vehicle  used  in  this  Investigation  were  based  prin- 
cipally on  Judgement  and  experience  with  passenger  vehicles. 
In  particular,  the  impulsive  excitations  were  selected  to  ex- 
cite the  significant  frequency  ranges  of  the  vehicle.   The 
experience  gained  with  this  vehicle  may  not  be  applicable  to 
larger  vehicles  which  have  different  suspension  systems. 

The  particular  advantage  of  Impulsive  testing  is  that 
the  actual  tests  may  be  conducted  in  a  very  short  time  although 
the  processing  of  the  data  is  somewhat  lengthy.   If  a  test  does 
not  completely  define  the  frequency  range  of  interest,  the  result 
is  usually  not  known  until  the  data  are  processed.   If  the  re- 
sults of  the  calibration  test  are  then  not  satisfactory,  the 
test  must  be  conducted  again  with  a  more  suitable  impulsive 
input.   The  advantage  of  knowing  beforehand  adequate  impulsive 
inputs  for  any  vehicle  to  be  tested  is  apparent.   It  is  evident 
that  there  is  a  need  for  continued  research  in  this  area. 
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CHAPTER  V 
THE  ANALYSIS  OF  HIGHWAY  TEST  DATA 

It  is  appropriate  to  consider  methods  by  which  the  out- 
put records  of  a  pressure  measuring  system  may  be  analyzed  to 
yield  information  about  the  dynamic  forces  applied  to  a  highway 
by  the  vehicle. 

Two  records  of  the  output  of  the  pressure  measuring 
system  are  shown  in  Figure  33.   The  upper  trace,  which  was 
recorded  at  a  slow  oscillograph  speed,  serves  as  a  convenient 
visual  observation  of  the  dynamic  force  from  which  the  prin- 
cipal frequencies  occurring  in  this  record  can  easily  be 
identified  (It  is  assumed  in  this  discussion  that  the  pres- 
sure measuring  system  exhibits  no  resonant  condition  which 
might  be  excited,  that  the  system  is  damped,  and  that  it  has 
a  relatively  flat  calibration  relationship).   The  principal 
frequencies  in  this  record  correspond  to  the  natural  fre- 
quencies of  the  test  vehicle;  that  Is,  the  body  motion  fre- 
quency Is  approximately  one  cycle  per  second  and  the  wheel- 
hop  frequency  is  approximately  fourteen  cycles  per  second. 
For  a  more  detailed  analysis,  the  record  shown  by  the  lower 
trace  of  Figure  33  is  used.   This  record  was  taken  at  five 
times  the  recording  speed  of  the  upper  trace.   The  abscissa 
of  the  record  may  be  easily  changed  from  time  to  distance 
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FIGURE  33.   OSCILLOGRAPH  RECORDS  OF  DYNAMIC  FORCE 
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along  the  highway  by  Introducing  the  velocity  of  the  vehicle. 
By  applying  the  single  calibration  factor  F/P  (lb/psi),  the 
pressure  scale  may  be  converted  into  a  force  scale.   If  markers 
are  put  on  the  highway  to  produce  a  pressure  indication  on  the 
record  at  a  known  location,  the  dynamic  force  may  be  deter- 
mined at  any  point  on  the  test  section.   If  the  static  tire 
force  Is  known,  the  total  force  on  the  pavement  may  be  cal- 
culated at  any  position. 

These  records  may  also  be  processed  to  indicate  how 
often  certain  magnitudes  of  the  dynamic  force  were  applied 
to  the  pavement  section.   This  information  may  be  found  by 
first  reading  values  of  force  from  the  record  at  equal 
intervals  of  distance.   These  values  are  then  assorted  so 
that  the  number  of  values  In  various  ranges  of  tire  force 
is  determined.   This  number  is  divided  by  the  total  number 
of  force  readings  Included  in  the  analysis  of  the  record  to 
obtain  the  fraction  of  the  values  in  the  force  Interval 
under  consideration. 

The  force  interval  which  was  selected  for  each  test 
section  corresponds  to  1/20  of  the  magnitude  of  the  absolute 
maximum  force  that  was  recorded.   The  twenty  intervals  be- 
tween zero  and  the  absolute  maximum  force  correspond  to  the 
twenty  intervals  between  zero  and  the  edge  of  the  recorder 
paper  as  shown  in  Figure  33. 

The  results  of  applying  this  procedure  to  two  dif- 
ferent pavement  sections  are  shown  in  Figure  34.   One  of 
these  pavement  sections  was  very  rough  and  the  other  very 
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smooth,  as  is  evident  from  the  range  of  forces  that  occurred. 
The  force  interval  for  the  smooth  section  is  correspondingly 
smaller  than  the  interval  for  the  rough  section  because  of 
this  difference  in  force  range.   The  standard  deviation  or 
root  mean  square  (RMS)  force  was  also  calculated  for  this 
distribution.   It  is  interesting  to  note  that  there  is  almost 
a  factor  of  six  between  the  RMS  force  values  for  the  rough 
and  smooth  pavements  which  indicates  that  the  dynamic  force 
might  serve  well  as  a  measure  of  pavement  condition.  ^ 

The  ordinate  of  the  histogram  shown  in  Figure  31  may 
also  be  expressed  as  the  fraction  of  time  in  the  force  in- 
terval.  This  representation  is  exact  if  the  spacing  of  the 
data  points  is  small  enough  so  that  the  oscillograph  trace 
remains  within  the  selected  force  interval  for  the  length 
of  time  represented  by  the  distance  between  two  data  points. 
As  the  data  spacing  is  increased  beyond  a  minimum  interval, 
the  representation  becomes  less  exact. 

A  second  method  of  analysis  of  highway  test  data  is 
the  power  spectral  density  analysis  that  was  illustrated 
in  Chapter  IV,   This  method  of  analysis  indicates  the  amp- 
litude distribution  with  respect  to  the  frequencies  present 
in  the  record.   The  RMS  dynamic  force  may  be  obtained  by 
extracting  the  square  root  of  the  area  under  the  power 
spectral  density  function. 

Referring  to  Figure  31,  it  Is  important  to  realize 
that  the  force  power  spectral  density  function  may  be  ob- 
tained directly  from  the  pressure  record  by  £he  use  of  a 
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single  calibration  factor  F/P  or  it  may  be  obtained  from  the 
pressure  power  spectral  density  function  by  the  introduction 
of  the  complete  calibration  relationship  in  the  frequency 
domain.   The  introduction  of  the  calibration  relationship 
yields  a  more  accurate  result. 

As  an  example  of  the  use  of  these  methods  of  analysis, 
consider  the  results  of  two  of  a  series  of  tests  conducted 
over  a  300  foot  test  section  with  a  passenger  vehicle.   The 
vehicle  was  operated  at  a  different  velocity  for  each  test. 
The  distribution  of  the  dynamic  forces  for  the  extreme  speeds 
of  approximately  30  and  60  mph  are  shown  in  Figure  35.   It 
is  interesting  to  note  that  as  the  vehicle  velocity  changed, 
the  distribution  of  the  dynamic  forces  changed.   As  the 
velocity  increased,  the  maximum  force  increased.   In  addi- 
tion, the  distribution  developed  an  appreciable  skewness 
toward  the  positive  forces.   This  skewed  phenomena  was  also 
observed  during  the  tests  and  may  be  seen  in  the  force  records 
shown  in  Figure  30.   The  largest  positive  forces,  which  had 
a  maximum  positive  value  of  approximately  350  pounds,  occurred 
between  48  and  62  feet  from  the  starting  point  of  the  test 
section.   The  dynamic  forces  were  all  negative  between  70 
and  115  feet  from  the  origin  of  the  test  section.   The  maxi- 
mum absolute  value  of  these  negative  forces  was  only  approxi- 
mately 195  pounds  as  compared  with  the  350  pound  magnitude 
of  the  positive  forces. 

Further  examination  of  Figures  30  and  33  reveals  that 
the  dynamic  force  consists  of  two  principal  frequencies,  the 
low  body  motion  frequency  of  approximately  one  cycle  per 
second  and  the  higher  wheelhop  frequency  of  approximately 
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fourteen  cycles  per  second.   It  is  of  Interest  to  observe  In 
Figure  30  that  the  dynamic  force  variation  associated  with  the 
wheelhop  is  much  larger  when  the  force  associated  with  the 
body  motion  is  positive,  i.e.  when  the  total  force  due  to  the 
static  weight  and  the  body  motion  is  increased. 

A  power  spectral  density  analysis  of  the  two  velocity 
tests  reveals  information  about  the  frequencies  present  in 
the  dynamic  force  records.   The  dynamic  force  power  spectrum 
for  the  test  vehicle  traveling  at  30  mph  is  shown  by  the 
dotted  line  in  Figure  36.   Two  peaks  of  appreciable  magni- 
tude are  indicated  by  this  curve.   The  first  peak,  occurr- 
ing over  a  range  of  low  frequencies,  indicates  that  the 
motion  of  the  sprung  mass  (body  motion)  of  the  vehicle  makes 
an  appreciable  contribution  to  the  total  mean  square  value 
of  the  dynamic  tire  force.   A  second  peak,  occurring  over 
a  range  of  higher  frequencies,  indicates  the  contribution 
to  this  value  that  results  from  motion  of  the  unsprung  mass 
of  the  vehicle  (wheelhop). 

The  power  spectral  density  function  of  the  dynamic 
tire  force  for  the  same  vehicle  traveling  over  the  same 
section  of  pavement  at  60  mph  is  shown  by  the  solid  line 
in  Figure  36.   It  is  evident  that  the  area  under  this  curve 
is  greater,  indicating  that  the  RMS  force  is  greater  at  60 
mph  than  at  30  mph.   The  RMS  force  values  are  shown  in 
Figure  36. 

Of  considerable  interest  is  the  change  in  the  shape 
of  the  curve.   The  peak  associated  with  the  low  frequencies 
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is  not  the  same  at  both  speeds,  indicating  that  the  motion 
of  the  sprung  mass  (body  motion)  changed  appreciably.   The 
motion  of  the  unsprung  mass  (wheelhop)  also  was  increased 
at  the  higher  vehicle  speed  as  evidenced  by  the  large  in- 
crease in  the  ordinates  of  the  curve  in  the  region  of  the 

wheelhop  frequency. 

Another  change  of  considerable  interest  is  also  evi- 
dent.  In  the  power  spectrum  curve  for  30  mph,  a  small  inter- 
mediate peak  can  be  seen  approximately  midway  between  the 
two  large  peaks.   This  peak  is  due  to  a  large  amount  of 
excitation  coming  from  the  pavement  since  no  natural  fre- 
quencies exist  in  the  suspension  system  of  the  test  vehicle 
at  this  frequency.   When  the  vehicle  speed  is  doubled,  the 
frequency  of  excitation  from  the  highway  is  doubled.   At 
60  mph,  the  excitation  that  caused  the  small  intermediate 
peak  has  doubled  in  frequency  causing  an  additional  excita- 
tion at  the  wheelhop  frequency.   Since  the  vehicle  is  very 
responsive  at  this  frequency,  a  great  increase  in  tire  force 
is  produced  as  shown  by  the  curve. 

In  summarizing  the  effect  of  the  velocity  of  the 
vehicle  on  the  resulting  dynamic  forces,  it  can  be  seen 
that  the  RMS  force  serves  as  a  valuable  statistic.   The  RMS 
forces  are  plotted  against  vehicle  velocity  for  four  test 
velocities  of  30,  40,  50,  and  60  mph  in  Figure  37.   The 
high  and  low  values  on  this  curve  correspond  to  the  test 
results  shown  in  Figures  35  and  36. 

The  RMS  force  statistic  may  also  be  used  to  compare  ( 
the  dynamic  forces  generated  when  a  vehicle  is  operated 
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over  different  pavements.   Figure  38  illustrates  the  dynamic 
forces  generated  when  the  test  vehicle  was  driven  over  several 
pavements  that  varied  in  condition  as  well  as  type  of  construc- 
tion,  Each  pavement  was  assigned  one  of  three  subjective 
ratings  (smooth,  average,  rough)  as  determined  by  the  individ- 
uals who  operated  the  test  vehicle.   It  is  Interesting  to  note 
that  RMS  dynamic  forces  ranging  from  32  to  3^1  pounds  were 
obtained.   A  large  range  of  values  is  thus  encountered  when 
this  statistic  is  employed  as  a  criterion. 

The  methods  just  presented  are  certainly  not  the  only 
methods  that  might  be  applied  for  analyzing  dynamic  force 
measurements.   However,  these  methods  have  proved  to  be  the 
most  useful  for  the  data  analysis  for  this  project. 
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CHAPTER  VI 
SUMMARY  AND  CONCLUSIONS 

This  investigation  has  been  concerned  primarily  with 
the  design  and  construction  of  a  pressure  measuring  system 
for  the  purpose  of  measuring  the  dynamic  forces  between  a 
vehicle  tire  and  the  pavement.   The  pressure  measuring  system 
as  defined  in  this  paper  Includes  the  vehicle  tire  and  the 
associated  equipment  required  for  measuring  the  tire  in- 
flation pressure.   The  following  observations  may  be  made 
about  the  design  and  use  of  a  pressure  measuring  system  as 
a  direct  force  transducer. 

1.   An  effective  pressure  measuring  system  can  be 
designed  so  that  the  dynamic  forces  do  not  excite  any  res- 
onant condition  within  the  pressure  measuring  system.   The 
system  can  then  be  adequately  damped  by  the  Introduction  of 
an  added  restriction  into  the  system  as  previously  shown. 
The  mechanical  components  can  also  be  designed  so  that  they 
exhibit  no  natural  frequencies  within  the  frequency  range 
that  is  of  interest.   The  theory  to  guide  such  a  design 
is  developed  in  Chapter  II.   The  design  of  both  pneumatic 
and  mechanical  components  to  accomplish  the  desired  end  is 
discussed  in  Chapter  III. 
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2.  In  order  to  measure  the  adequacy  of  the  design  of 
a  pressure  measuring  system,  dynamic  calibration  tests  are 
required.   By  using  inputs  having  a  larger  frequency  range 
than  is  encountered  under  actual  road  test  conditions,  the 
pressure  measuring  system  can  be  thoroughly  tested  and  ade- 
quately calibrated. 

3.  With  careful  selection  of  the  parameters  of  the 
system,  the  calibration  relationship  can  be  made  flat  enough 
so  that  a  single  calibration  factor  can  be  applied  to  the 
pressure  measurements  without  the  introduction  of  excessive 
error. 

k .      If  the  inflation  pressure  of  the  tire  is  consider- 
ably larger  than  the  recommended  value,  the  calibration  re- 
lationship of  the  pressure  measuring  system  is  decidedly 
frequency  dependent.   Therefore,  the  use  of  the  frequency 
domain  calibration  relationship  rather  than  the  single  cal- 
ibration factor  is  necessary  if  the  system  is  to  be  used  at 
inflation  pressures  other  than  the  recommended  value. 

5.   The  ideal  flat  calibration  relationship  is  ex- 
tremely difficult  to  obtain,  particularly  because  of  the 
non-linear  behavior  of  the  tire.   The  pressure  measuring 
system  is  also  amplitude  dependent.   In  order  to  partially 
account  for  these  non-linear  effects,  it  is  recommended 
that  an  average  calibration  relationship  be  obtained  from  a 
series  of  calibration  tests  utilizing  different  impulsive 
excitations. 
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6.  The  continuous  method  of  equalizing*  the  lonp-- 
term  pressure  variations  is  particularly  advantageous  as 
compared  with  the  discrete  equalization  method  because  of 
the  substantially  reduced  testing  time  which  results  when 
continuous  equalization  is  used. 

7.  The  methods  of  designing  the  pressure  measuring 
system  as  presented  in  this  paper  are  applicable  to  pres- 
sure measuring  systems  to  be  used  with  larger  vehicles. 
The  basic  theory  considered  in  Chapter  II  Indicates  that 
the  volume  of  the  tire  is  not  a  limiting  factor  as  far  as 
the  dynamic  behavior  of  the  system  is  concerned.   It  is 
expected,  however,  that  the  frequency  characteristics  of 
the  system  attributed  to  the  tire  may  be  different  in  the 
case  of  truck  tires  with  heavy  treads. 

On  the  basis  of  this  study,  the  following  recommen- 
dations for  areas  of  further  study  are  made: 

1.  A  calibration  procedure  is  needed  that  is  cap- 
able of  producing  significant  excitation  at  all  frequencies 
and  which  would  apply  to  all  vehicles.   Therefore,  no  matter 
what  the  frequency  characteristics  of  the  particular  system 
and  vehicle  to  be  calibrated,  a  test  or  series  of  tests 
could  be  conducted  which  would  completely  define  the  system 
characteristics . 

2.  The  calibration  equipment  required  to  produce 
an  adequate  range  of  Impulsive  inputs  for  all  vehicles  to 

be  tested  should  be  completed.   The  basic  equipment  for  cal- 
ibration of  large  vehicles  was  developed  by  McLemore-1-^  who 
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designed  the  calibrator  so  that  only  slight  modifications 
would  be  necessary  to  accommodate  a  range  of  impulsive  in- 
puts once  this  range  is  fully  defined. 

3.   The  development  of  equipment  for  dual  wheels 
which  would  allow  the  measurement  of  the  dynamic  force  at 
either  one  wheel,  both  wheels,  or  each  wheel  separately 
would  be  advantageous. 

** .  The  continued  study  of  methods  of  compensating 
for  the  frequency  dependence  of  the  calibration  relation- 
ship is  still  an  area  of  considerable  interest. 

5.   The  development  of  a  compact,  easily  portable 
set  of  instruments  which  would  include  a  power  source, 
visual  recorder,  and  a  magnetic  tape  recorder  would  be  a 
great  contribution  to  the  measurement  of  dynamic  forces. 
The  tape  recording  of  test  results  would  enable  rapid  data 
reduction  in  digitalizing  the  data  for  further  processing 
as  well  as  direct  calculation  of  power  spectral  density 
functions  and  RMS  forces  by  electronic  instruments. 

The  results  of  this  investigation  have  been  quite 
gratifying.   The  use  of  a  pressure  measuring  system  for 
measuring  dynamic  tire  forces  appears  to  be  a  promising  and 
useful  engineering  tool. 
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APPENDIX. 

An  Approximate  F/P  Ratio  for  a  Pneumatic  Tire 

Consider  the  force  developed  at  the  contact  area  "A" 
between  a  tire  and  the  pavement  as  shown  in  Figure  39-   If 
the  stiffness  of  the  tire  body  is  neglected,  the  force  at 
the  contact  surface  is  due  only  to  the  Inflation  pressure 
and  may  be  expressed  as 

F  =  pgA  =  pA  -  paA  (A.l) 

where:  F  ■  total  force  over  the  contact  area  (lb) 
A  =  contact  area  (in2) 
p  ■  absolute  Inflation  pressure  (psia) 
pa=  atmospheric  pressure  (psia) 
p.s  gage  inflation  pressure  (psia). 

The  calibration  factor  F/P  is  actually  the  derivative 
dF/dp  evaluated  at  the  static  values  of  force  and  inflation 
pressure.   This  derivative  is 


d£  .  _d_(pA  _  p  A,  .  A  +  p  dA 
dp   dp^      a  fdp 


21  =  JL(pA  -  paA)  =  A  +  p„2£.  (A. 2) 


The  derivative  dA/dp  may  be  expressed  in  terms  of  the 
geometrical  properties  of  the  tire  as  shown  in  Figure  39. 
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The  following-  relationships  may  be  derived  from  Figure  39 * 

A  ■  wL  (A. 3) 

L  =  2RSin((/)/2)  (A.H) 


a 


=  R 2  /  -  R  LCos(<£/2).  (A. 5) 

?  T  0 


Differentiating  equations  (A. 3)  and  (A. 4), 

$L   =  wlk  =  wRCosd)/2)  3X  (A. 6) 

dp    dp         '     dp 

Equation  (A. 5)  can  be  simplified  by  substituting 
equation  (A. k)    into  (A. 5), 


R2^  -/R\2RLSin((^/2)Cos(C^)/2) 


or 

a 
since 


.  R^-Slnc^,  (A. 7) 


Sin(£  =  2  Sin((^/2)Cos(<£/2). 
Considering  equation  (A. 6),  it  is  evident  that  the 
relationship  between  "(£>"  and  "p"  must  be  found  in  order  to 
evaluate  the  derivative  dA/dp.   In  order  to  make  this  evalua- 
tion, the  relationship  between  tire  pressure  and  tire  volume 
must  be  considered.   Neglecting  any  bulging  of  the  sidewall 
when  the  tire  is  loaded,  the  volume  of  air  in  the  tire  is 
assumed  to  be 

V  =  Vi  -  aw  (A. 8) 
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where 

V  -   internal  volume  of  the  tire 

V1»  initial  internal  volume  of  the  tire  when  no  force 
is  applied  to  the  tire, 
and  a  and  w  are  defined  in  Figure  39- 

Assuming  that  the  air  in  the  tire  follows  a  polytropic 
compression  process,  the  following  relationship  is  valid: 

y  y 

pV'  =  Constant  ■  p^  (A. 9) 

* 

where 

y*  a  constant  such  that  1<CX<C1  •  ** ,  and  the  subscript 
i  indicates  that  there  is  no  force  applied  to  the  tire. 

From  equation  (A. 9) 

V  =  (Pi^V^p-17^  =  Qp"1^7  (A. 10) 


where 


1/7 
Q  -  Pi  /V1.  (A. 11) 


Substituting  equations  (A. 10)  and  (A. 7)  into  equation 
(A. 8)  yields 


Qp 


-1//=  v  -  HE2  t^-  SlnCpl  (A. 12) 


2 
which  is  the  desired  function  relating  *tf)n   and  Mpn. 

By  differentiating  equation  (A. 12)  with  respect  to 
inflation  pressure, 

«$■    llPS (a. Hi 

dp  wR2    (1   -  Coap) 
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An  expression  for  the  derivative  dF/dp  results  if 
equations  (A. 6),  (A. 11),  and  (A. 13)  are  substituted  into 
equation  (A. 2). 

1/7/ 


dF 
dp 


■*♦($(£££)&)  ff 


(A. 11) 


The  angle cp  may  be  expressed  in  terms  of  the  static 
wheel  load  Fe  and  the  geometrical  parameters  shown  in  Figure 
39. 


A  =  Fo/Pp.  =  wL  =  w[2RSin^)/2)] 


(A. 15) 


Therefore 


Sin(c£/2)  =  F0/(pg2wR)  s  B 


(A. 16) 


By  the  Pythagorean  Theorem, 


Also 


Cos((p/2)    «  (l  -  B2)1/2 


Cosc£    =    1   -   2[Sin(<£/2)]2   »   1   - 


2B' 


(A. 17) 


(A. 18) 


Combining  equations    (A. 15),    (A. 17),   and    (A. 18)    with   (A. 14), 

i/7r. 


dF 
dp 


F0" 

Pg- 

Vi 

a-*2)1/2 


B? 


Pi 


Lp  J 


g 


(A. 19) 


where 


B   =   F0/(2p    wR)    =   A/(2wR)    =   L/2R. 
g 


(A. 20) 
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The  polytropic  constant  ~Y  may  be  taken  as  approximately 
equal  to  unity  since  the  frequency  range  of  importance  is  rel- 
atively low  (less  than  100  cps).   This  low  frequency  range 
allows  the  assumption  of  an  isothermal  compression  t6  be  made. 
The  ratio  (pj/p)  in  equation  (A. 19)  is  approximately  equal  to 
unity  because  the  difference  between  the  initial  inflation 
pressure  p.  and  the  inflation  pressure  under  load  is  approxi- 
mately .5  psi  for  a  passenger  tire  with  an  inflation  pressure 
of  30  psig. 

Equation  (A. 20)  illustrates  that  the  dimensionless 
parameter  B  may  be  reduced  to  the  ratio  of  the  contact  length 
to  the  tire  diameter.   This  important  dimensionless  parameter 
may  be  measured  directly  from  a  tire  in  the  loaded  condition. 

Equation  (26)  (which  is  identical  to  equation  (A. 19)) 
is  plotted  in  Figures  10,  11,  and  12  and  is  compared  with 
experimental  measurements  in  Figure  10. 

It  can  be  observed  in  Figure  10  that  the  curve  rep- 
resenting the  approximate  F/P  ratio  is  lower  than  the  line 
Joining  the  experimental  values  of  F/P.   It  is  interesting 
to  note  that  if  the  assumption  that  led  to  equation  (A. 8) 
is  altered,  the  approximate  F/P  ratio  is  increased  and 
thereby  compares  more  favorably  with  the  experimental  data. 
That  is,  if  a  volume  change  due  to  the  bulging  of  the  side- 
wall  is  considered,  the  term  "aw"  in  equation  (A. 8)  will  be 
reduced.   Since  this  reduced  term  appears  in  the  denominator 
of  equation  (A. 19),  the  F/P  ratio  will  therefore  increase. 
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Other  refinements  of  this  approximate  relationship 
which  can  be  studied  are  the  consideration  of  the  mass  effect 
of  the  tire  tread  under  dynamic  conditions  and  the  considera- 
tion of  the  stiffness  of  the  tire  body.   These  extensions  of 
the  theory  are  suggested  areas  for  further  study. 
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